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ABSTRACT OF THESIS

MANUFACTURE, CHARACTERIZATION, AND APPLICATION OF MULTIWALL
CARBON NANOTUBE COMPOSITE ACRYLONITRILE-BUTADIENE-STYRENE

Carbon nanotubes have been studied for nearly two decades and their amazing properties
continue to spur intense investigation in the area of polymer composites. In terms of
potential commercialization, mutiwall carbon nanotubes (MWCNTs) are currently the
most prevalent and economically viable form of nanotubes. Uncovering innovative
means to take full advantage of their properties remains a fundamental issue. In this
thesis, viability of their use to reinforce polymeric systems is reported. Acrylonitrilebutadiene-styrene (ABS) was used as the host matrix. MWCNTs were introduced to the
ABS matrix via melt compounding. The resulting composite was thoroughly
rheologically, thermally, and mechanically characterized. Several applications were also
experimentally studied. The composites fatigue performance is measured and compared
to a typical micron sized carbon fiber. These results indicate that both the nano and
micron scale carbon fibers reduce the resistance to fatigue failure. The mechanism of
failure in both cases appears to be different and is discussed. The use of microwave
energy is investigated for the use of heating purposes. Results show a distinct advantage
over conventional heating methods. Microwaves allow for volumetric, fast, selective, and
controllable heating of the ABS system.
KEYWORDS: Carbon Nanotubes, Carbon Fiber, Composites, Rheology, Fatigue.
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1. GENERAL INTRODUCTION AND OUTLINE.
1.1. Motivation.
There has been a growing awareness over the past 25 years or so that it is advantageous
to use polymers in applications that previously would not have been considered
appropriate or feasible. Much research and development have gone into creating
polymers, and fiber-reinforced composites based on them, to meet the demands of their
specialized applications. Adding to this, it is the objective of numerous research groups
and organizations around the world to fabricate composite materials by incorporating
carbon nanotubes (CNTs) into polymeric systems. Although the subject of individual
studies inevitably varies, the fundamental goal of this research is to produce macroscopic
materials that portray the well-established properties of CNTs. It is the CNTs themselves
that entice interest in these materials. A comprehensive literature review on this subject,
discussed in Chapter 2, has provided evidence of the extraordinary thermal, electrical,
and mechanical properties that CNTs possess. This review has shown that CNTs are one
of the strongest, stiffest, and most thermally and electrically conductive materials
discovered to date. Additionally, the low density and high strength that they possess give
CNTs one the highest specific strengths of any known material.
Setting aside their physical properties, the nanometer size of CNTs is often a motivating
factor in itself for this type of research. CNTs, with diameters on the order of 1 – 100nm
have a much higher surface area to volume ratio than typical micrometer size fiber
reinforcing materials. This equates to a substantial increase in the available area for
matrix interactions at equivalent volume fractions.
The literature presently reflects an ever-increasing diversity in all aspects of the state-ofthe art but indicates several key areas of significant focus. Phase separation, poor
dispersion, and interfacial effects, such as poor adhesion and stress transfer from the
matrix, currently inhibit their adoption as a quality additive. Still, widespread industrial
application of these and other multifunctional CNT composite materials is imminent and
will accompany resolution of these issues. There are currently only a small number of
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applications in which CNTs are commercially utilized. Easton Sports, Inc. produces
various products including baseball bats and bicycle components in which CNTs are
dispersed in an epoxy matrix that binds bi-directionally woven carbon fiber in the form of
a laminate [1].
This project, supported by the Carbon Group at the University of Kentucky Center for
Applied Energy Research (UK CAER), investigated the potential use of multiwall carbon
nanotubes (MWCNTs) to reinforce acrylonitrile-butadiene-stytrene (ABS), a relatively
common engineering co-polymer.
1.2. Introduction and outline.
The project objective was to produce, characterize, and apply a MWCNT/ABS composite
material. The composites (0.1, 0.5, 1.0, and 5.0% by volume) were produced by melt
compounding the two phases in a counter-rotating twin-screw extruder. These
concentrations were selected based upon the work of others and deemed prototypical for
this study [2-6]. The mixing technique, described in Chapter 3, was ultimately chosen
because it is the most likely method for eventual industrial scale-up [7, 8].
Processing thermoplastics in the melt state relies heavily upon the rheological properties
of the material. Incorporating additives can alter the rheological response and affect the
processability of the material. Consequently, these are thoroughly characterized in
Chapter 3. The range of shear rates considered important to processing is too broad for a
single characterization technique. Therefore, two approaches were used. Low shear rates
were probed using a rotational torque rheometer; higher rates were investigated using a
capillary rheometer.
Chapter 3 also includes microscopic examination of the resulting composite materials.
50 optical micrographs were taken of polished specimens and a dispersion index ranked
each MWCNT concentration based on the occurrence of agglomerates and the uniformity
of the MWCNT distribution. Scanning electron microscopy (SEM) was used to examine
dispersion at higher magnifications.
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Thermal, mechanical, and electrical properties are discussed in Chapter 4. Freestanding
films were fabricated by melt pressing (200°C) the materials using steel shims to control
thickness. Specimens for each type of test were removed from the films by punching or
machining the required geometry. Results from thermal analyses are useful at
determining shifts in glass transition temperature ( Tg ), effects of MWCNTs on molecular
motion of the bulk or interfacial polymer, and the thermal stability of the material.
Mechanical properties are discussed in terms of Young’s modulus (E) and ultimate
tensile strength (UTS). Typically, electrical conductivity data are calculated from surface
or four point resistivity tests. In this case, these tests provided low quality results with
large variations. Instead, alternating current (AC) impedance spectroscopy was chosen as
the preferred test method.
Application of these materials is discussed in Chapters 5 and 6. In Chapter 5, the fatigue
performance of MWCNT reinforced ABS is reported. As a further gauge of performance,
these results are compared to identical composites reinforced with a micrometer sized
chopped carbon fiber (CCF). Testing was carried out by cyclically bending specimens at
two constant amplitudes-of-deflection, where each sample (N = 12) was tested to failure
or to a run out of 5 million cycles. For each composite, the generated fatigue data was
analyzed using a 2-parameter Weibull model. Comparisons between samples were made
using the Weibull mean fatigue life. Furthermore, probability of survival versus number
of cycles curves were generated and compared.
Relevant to fatigue failure resistance in materials is the capacity to mitigate fatigue crack
initiation and propagation. Here, it is hypothesized that the nanoscale dimensions of
MWCNTs enable them to more effectively interact with the matrix polymer at the submicron level. For this reason, it is envisioned that MWCNTs slow the coalescence of
crazes, a precursor to the formation of a fatigue crack, by pinning chain motion.
Additionally, it is believed that the MWCNTs may bridge associated micro-cracks,
further slowing the process of fatigue failure. Comparatively, micron-scale CCF is less
efficient than MWCNTs at addressing the sub-micron events of fatigue and, thus, is less
effective at prolonging failure. To this regard, the fracture surfaces of the composites
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were imaged by SEM. Understanding the fundamental reinforcement mechanisms in
these composites may facilitate the development of stronger, lighter composite materials
capable of enduring real world applications in which cyclic deformation is common.
In Chapter 6, a novel method to assist the processing of MWCNT/thermoplastic polymer
matrices is investigated. It is proposed that adding a microwave (MW) absorbing phase to
a conventional thermoplastic, such as ABS, will allow the material to be heated
volumetrically. This type of heating is preferred to conventional heating techniques
where plasmas, lasers, or ovens heat the surface of the polymer and rely on conductive
heat transfer to penetrate the material. Conduction is very ineffective in polymeric
materials whose thermal conductivity is relatively low. Composite specimens were
subjected to MW radiation at a frequency of 2.45GHz in the resonance cavity of a
conventional MW oven. The surface temperature change from ambient was measured
with the aid of an infrared (IR) thermometer. The specific heat capacity was measured via
modulated dynamic scanning calorimetry. Along with specimen mass, these
measurements permit the change in enthalpy to be calculated. This allows predication of
the required exposure time if the specimen mass is known and magnetron frequency and
power output are held constant.
The inclusion of a conductive additive increases the interfacial polarization of the
material. This is due to differences in conductivity and dielectric properties between the
additive and bulk matrix. The large surface area to volume ratio of MWCNTs exploits
this aspect. For this reason, it is anticipated that the preferential absorption of MWs by
MWNCTs will lead to a composite capable of being processed faster and more efficiently
than current thermoplastic materials.
Chapter 7 concludes the thesis with a detailed discussion of experimental results, possible
implications, and future work.

Copyright © Daniel R. Bortz 2009.
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2. REVIEW OF LITERATURE.
2.1. Introduction.
Carbon nanotubes (CNTs) are the ultimate multifunctional material. Their production
techniques and intrinsic structure and properties are essential in discussing the ultimate
realization and commercialization of macro-scale materials capable of portraying their
trademark properties. This chapter provides a basis for CNTs and thermoplastic
composites based on them.
CNTs are discussed in terms of production, structure, and properties. The polymerization,
two industrial processing techniques (injection molding and thermoforming), and
pertinent rheological properties of the host matrix in this study, acrylonitrile-butadienestyrene (ABS), are discussed. ABS is further considered in terms of its fatigue properties,
which are discussed more deeply in Chapter 5. Finally, relevant complications arising
from the inclusion of CNTs in thermoplastic matrices are explored.
2.2. Carbon nanotubes.
2.2.1. Introduction.
Significant data has been compiled on CNTs, a material similar to fullerenes, consisting
of graphene sheets, one carbon atom thick, rolled into cylinders (Figure 2.1) [9-12]. The
thermal, mechanical, and electrical properties of CNTs are reason alone to continue to
investigate these materials in an attempt to find innovated ways to make use of them,
potentially as building blocks for multi-functional, macro-scale components. For
example, the thermal conductivity of a single multiwall carbon nanotube (MWCNT) was
measured to be 3000W/mK [13]. In comparison, at room temperature (25°C) the thermal
conductivity of copper is approximately 400W/mK [14]. It is remarkable properties like
these that lead many researchers to venture to uncover innovative means to introduce
CNTs into polymer matrices, with the goal of harnessing these properties and fabricating
a composite that portrays them.

5

Figure 2.1. Nanotube structure.
Rolling up of a graphene sheet to form a single wall CNT. Reprinted from
Philosophical Transactions of The Royal Society A, 362, M. Endo, T.
Hayashi, Y.A. Kim, M. Terrones, and M.S. Dresselhaus, Applications of
carbon nanotubes in the twenty-first century, 2223-2238, Copyright
(2004).
2.2.2. Carbon nanotube structure.
As was predicted, the wall of a single CNT is one carbon atom thick (a graphene plane)
[12]. The atoms are positioned in a hexagonal arrangement [15]. These hexagonal
structures along with the sp2 carbon – carbon bonds are what give CNTs their amazing
strength [16]. CNTs usually occur in one of three varieties: single, double and multiwall
[17]. A single wall carbon nanotube (SWCNT) is, as its name might imply, a single
graphene plane, rolled into a cylindrical shape (Figure 2.1) [18]. The possibilities of pitch
angles of the rolled graphene cylinder are many [9]. Double and multiwall carbon
nanotubes (DWCNTs and MWCNTs) are constructed of two or more concentric CNTs
with a single CNT nested in the center [19, 20]. This configuration if often compared to
nesting dolls from popular Russian folk culture, in which a smaller doll is positioned
within a larger doll (Figure 2.2).
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Figure 2.2. Russian nesting dolls.
MWCNTs are often compared to nesting dolls from popular Russian folk
culture. CNTs of decreasing sizes are observed one inside the other.
2.2.3. Production of carbon nanotubes.
CNTs are produced in a variety of techniques. Arc-discharge, laser-ablation, fixed
bed/fluidized bed catalytic, and chemical vapor deposition (CVD) methods are all viable
[19, 21]. A group at the University of Kentucky Center for Applied Energy Research (UK
CAER) has developed a continuous CVD method to produce high-purity (>95%) aligned
MWCNTs [19, 22-24]. This CVD process uses a low temperature (~700°C) atmosphere
of xylene and ferrocene to deposit highly aligned MWCNTs on a quartz substrate [19].
The aligned MWCNT mat is subsequently removed from the substrate in powder form.
Examination of the resulting particles by SEM shows the aligned nature of the MWCNT
mats (Figure 2.3).

7

Figure 2.3. Aligned MWCNT mats.
MWCNTs produced in aligned arrays at the UK CAER via a chemical
vapor deposition process that uses a xylene-ferrocene mixture as carbon
feedstock.
2.2.4. Mechanical properties.
CNTs possess extraordinary mechanical properties. Despite their relatively small size,
characterizing the tensile properties of a single CNT measuring only a few nanometers in
diameter has been accomplished [25-28]. This type of test is most often conducted in-situ
with the aid of a high-resolution scanning or transmission electron microscope [25-28].
Conservative measurements of individual MWCNTs have revealed break strengths
ranging from 11 – 63GPa and Young’s modulus values of 270 – 950GPa [26-28]. Others
have reported break strengths exceeding 100GPa and modulus values over 1TPa [24, 25].
In comparison, a high strength carbon fiber is reported to have a break strength and
modulus of 6.4 and 294GPa respectively [29].
2.2.5. Transport properties.
The on-axis thermal and electric properties of CNTs are impressive [13, 18]. Researchers
studying micro and nano-scale electro-mechanical systems have demonstrated the need to
predict and regulate the thermal response in these systems [30, 31]. CNTs used as
8

conductive filaments can transport higher current than their metallic counterparts without
the inherent risk of high current damage.
For use in polymer systems, dispersed CNTs show significant potential as conductive
fillers. Carbon black has been the most commonly used agent to impart electrical
conductivity to a polymer matrix. CNTs are considered by many as advantageous in this
regard mainly due to their high aspect and surface area to volume ratios bestowing low
peculation thresholds in most polymer systems. The UK CAER produced MWCNTs
showed a bulk resistivity of 10-4·m [32]. Andrews et al. report the addition of just
0.5vol% of these MWCNTs reduced the surface resistivity of a polypropylene matrix
from 1012/square to ~105/square [7]. A concentration of 2 – 25wt% carbon black is
needed to obtain percolation in most matrices [33, 34]. Other results show percolation
behavior in CNT composite epoxy at weight fractions of only 0.08 – 0.7wt% [35-37].
2.3. Acrylonitrile-butadiene-styrene.
2.3.1. Introduction.
Acrylonitrile-butadiene-styrene (ABS) is a relatively common thermoplastic engineering
resin with numerous multi-purpose applications ranging from automotive moldings and
dashboards to aircraft interiors and electronic housings [38]. ABS copolymer is
composed of three individual homopolymers [39]. Polyacrylonitrile (PAN), a well
defined crystalline polymer having a high modulus, polybutadiene (BR), an elastomer
possessing a low modulus but a high elongation to break, and polystyrene (PS), an
inexpensive, glassy polymer that is easy to process [39]. The homopolymers are arranged
as a styrene-acrylonitrile (SAN) copolymer and dispersed BR particles, typically with
some grafting of SAN onto the BR particles [38-40]. The weight fractional makeup of the
three homopolymers can vary substantially depending on the application or the grade of
the resin. It is for this reason that ABS is so versatile. Typically formulations are broken
down as follows: 20 – 30wt% acrylonitrile, 20 – 30wt% butadiene, and 40 – 60wt%
styrene. Properties of the final copolymer do not follow a linear relationship to the
weight fraction composition of the individual components and depend on the
manufacture technique of the matrix [39].
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2.3.2. Composition and manufacture.
The polymerization of ABS can be completed by a number of techniques. Suspension,
bulk, and emulsion polymerizations are common [40]. Combinations of these processes
are also frequently used [41-44].

The most widely used method is emulsion

polymerization (Figure 2.4) [45-50].

Figure 2.4. Polymerization of ABS.
Emulsion ABS polymerization process (Figure after Chang et al.) [40].
Managing the transfer of heat and the amount of crosslinking, particle size, and graft
morphology of the elastomer phase are all advantages of emulsion polymerization [40].
A typical commercial process entails five main steps: rubber polymerization,
agglomeration, graft polymerization, polymer recovery, and compounding [40]. Once
polymerization has been completed, material properties necessary for processing can be
characterized.
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2.3.3. Processing and rheological properties.
Processing a thermoplastic in the melt state requires substantial understanding of the
associated rheological properties. The heterogeneous nature of ABS coupled with an
assortment of compositions makes characterizing the viscoelastic properties of ABS
difficult.
Apart from the terminal relaxation region, ABS and SAN storage ( G ) and loss modulus
( G) master curves nearly superimpose [51]. This suggests SAN dominates the behavior
of ABS with the exception of low applied frequencies, where the morphology is
considerably more elastic and it has been observed that the degree of grafting between the
SAN and BR strongly affects elasticity [51]. This becomes apparent when examining G
and G. As the degree of grafting is increased from 5 to 25% a second plateau appears in
the low frequency range of the G curve implying more solid-like behavior [51]. In the
same region, G is measured to be higher than G, reinforcing the claim that increasing
the degree of grafting of the BR particles substantially changes the behavior of the
material [51]. Finally, a shift to lower frequencies by the storage modulus in this region is
also observed when molecular weight is increased; this is consistent with an increase in
viscosity and it should be noted that small changes in the S/AN ratio does not
significantly affect viscoelstic behavior [51].
ABS, as with many thermoplastic polymers, can be processed using a variety of
techniques. Two relatively common processing methods in which ABS components are
manufactured are injection molding (Figure 2.5) and thermoforming (Figure 2.6) [39].
The fundamental concept behind injection molding is molten material is forced into an
enclosed cavity in the shape of the required part. Once the part cools, the mold opens and
ejects the finished part.
Raw material, usually in the form of small resin pellets, is fed into a hopper on top of the
machine. At the beginning of a cycle the screw rotates and begins to pull away from the
mold, building a ‘shot’ of polymer in front of the screw. During its movement, the resin
pellets are converted to a molten state by viscous heating and bands of heaters placed on
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the barrel [52]. Once the shot build up is completed, the screw is thrust forward and the
material in front of it is forced through the sprue and runner system and into the cavity of
the mold. The velocity of the screw as it moves forward, the shot size, and the
temperature of the melt at the entrance of the sprue are variable and will impact the final
quality of the part [52].

Figure 2.5. Injection molding machine.
Injection molding machine. Image courtesy of CustomPartNet, Inc.,
www.custompart.net [53].
Once the cavity is filled, pressure is held until the molten polymer in the sprue solidifies.
At this point the screw can start building a new shot to save on cycle time. After the
material in the mold is cool enough, the mold will open and the parts will be ejected from
the mold, usually by means of ejecting pins. Depending on the construction of the mold,
the parts may need to be removed from the runner system. The waste material in the
runners can then be reground and sent through the process again to produce a new part.
This decreases the per-part cost by lowering the scrap content.
In the production of plastic parts by injection molding, mold design is often the most
important step. Three important factors need to be taken into account during mold design.
They are sprue placement, vent placement, and weld/meld lines [52]. Vents are placed in
the mold to allow the escape of air inside the cavity. If air is not allowed to evacuate
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quickly, it can ignite and cause burn marks on the part. Weld and meld lines form at
places where the melt front of the material has had to separate to go around an obstacle
then remerge together at a later time. This can cause two problems. If it is in a structural
part, the line represents a possible stress riser that can initiate failure [52]. The other is
cosmetic. If not controlled properly, the weld and meld lines can make the physical
appearance of the part poor, even if it is physically capable of performing its function.
Thermoforming (Figure 2.6), a process of heating a clamped thermoplastic sheet above
its glass transition or melting temperature, stretching it over or into a mold, and holding it
in place while it cools, is a typical processing technique for ABS. After clamping the
thermoplastic sheet into the forming machine, it is convectively heated, usually by means
of infrared elements mounted within an aluminum reflector plate, until it is softened [54].
Typically, ABS is thermoformed between 150 – 180°C and ultimately, sheet thickness
dictates the required heating time [54]. For example, an average gauge sheet (2mm)
requires approximately 80s to reach processing temperature, a heavy gauge sheet (4mm)
may necessitate up to 160s of heating time [54].
In Chapter 6, a technique involving the absorption of microwave (MW) energy is
proposed as an alternative heating method for this type of processing. Typically,
thermoplastics are transparent to MW frequency radiation. Adding MWCNTs to the
system can increase MW absorption. MWCNTs effectively absorb MWs and dissipate
energy to the surrounding matrix in the form of heat. Several studies have shown
promising results to this regard. MW absorption was increased 500 times with the
addition of 0.04wt% MWCNTs in a silicone oil [55]. In polymer matrices, a 40°C
temperature increase was observed in high density polyethylene (HDPE) by adding
20wt% Pyrograf-III carbon nanofibers [56]. ABS is well suited to this type of
application because of its dielectric properties. Narrow and broadband measurements
indicated that ABS possesses a higher dielectric constant ( e) than both ultra high
molecular weight polyethylene (UHMW PE) and polycarbonate (PC) [57].
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Once heated, the thermoforming process can be completed by mechanical force or air or
vacuum pressure. After the sheet has been forced into or stretched over the mold it is
held in place until cool, sometimes aided by high-speed fans and a fine mist of water
[54]. Excess polymer can then be trimmed from the cooled part. This surplus material is
often reground and used again later. Once molded or otherwise formed, material
properties can be further examined.

Figure 2.6. Vacuum forming process.
Vacuum forming, a type of thermoforming. Image courtesy of
CustomPartNet, Inc., www.custompart.net [53].
2.3.4. Quasi-static mechanical properties.
Measured material properties can fluctuate substantially in a polymer whose composition
often varies from manufacturer to manufacturer. The Izod impact strength, for example,
of commercially available ABS can range from 75J/m (1.2ft-lb/in) to 640J/m (12ft-lb/in)
[58]. Much of the noted impact strength found in ABS comes from BR content. Bair et al.
report increasing the content level of BR from 11 to 18wt% had a marked effect on the
toughness of the resulting matrix [59]. In addition, impact resistance was also improved
by raising the molecular weight of the SAN co-polymer [59].
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Nevertheless, typical values for tensile modulus and yield strength are approximately
2GPa and 40MPa respectively [60-63]. A review of the tensile properties of several
grades of ABS is listed in Table 2.1.
Table 2.1. Tensile properties of ABS [60-63].
Manufacturer
Ashland Inc.
Dow Plastics
GE Plastics
BASF Corp.

Young’s modulus,
GPa
2.0
2.0
2.2
2.3

Grade
HIVAL® 61210
MAGNUMTM 1040
CYCOLAC BDP 5400
Terluran® GP-22

Yield Strength,
MPa
39.3
41.4
40.0
45.0

2.3.5. Fatigue performance.
It has been shown that polymer systems will fail at much lower stress levels when
subjected to cyclic rather than monotonic loading conditions [64]. During fatigue induced
failure, involving the initiation of a crack and subsequent propagation of said crack,
polymers are thought to undergo three phases of damage [64, 65]. First, a craze or
damage zone typically develops from a surface flaw acting as a stress-concentrating site
[64]. Further loading will encourage the growth of micro-cracks in the newly created
plastically deformed region until finally, a critical crack size is reached and the material
undergoes catastrophic fatigue induced failure [64]. The time scale of each of these
phases is not necessarily equal. The fatigue life of ABS for example, is dominated by the
middle stage where the growth of micro-cracks is said to occur [66].
It has been well documented that the inclusion of the BR elastomer phase increases
toughness and impact strength of ABS [67, 68]. Though present, a marked effect on
fatigue resistance cannot be detected [64, 66]. Rubber toughened PS, termed high-impact
polystyrene (HIPS), shows only a small reduction in the rate of crack propagation over
PS [64]. The crack propagation rate of ABS was measured to be approximately one-third
that of PS over a low stress intensity range of 1 – 2MPam but mediocre when compared
to polyvinylchloride (PVC) or polycarbonate (PC) [69-71]. Further evidence, taken from
test data on un-notched ABS specimens subjected to tension/compression square wave
loading, suggests that the effects of cyclic softening prevalent in PC and polyamide 6,6
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(PA 6,6) also occur in ABS [72]. These results suggest that the addition of the BR
elastomer phase is less effective at increasing fatigue performance than impact resistance
[72].
2.3.6. Applications.
Given the ability to be formulated in a variety of compositions, one can expect the
applications of such material to be very diverse. The largest applications (based on
volume) for ABS are in the appliance, automotive, electrical, and pipe markets [40].
Refrigerator liners, sewer pipes, underground electrical conduits, and injection-molded
housings for small kitchen appliances are a few examples [40].
The automotive industry uses ABS in a variety of interior and exterior applications in an
attempt to take full advantage of the noted impact properties. Consoles, ducts, and
instrument and door panels, components that require a high level of flow and solid
processability, are typically manufactured from ABS [40]. Exterior components that must
meet rigorous weatherability standards such as mirror and headlight housings are also
manufactured from ABS [40].
When specialized properties are needed, fillers and additives are often used to expand the
application area of ABS.
2.4. Composite materials.
2.4.1 Introduction.
Composite materials, combining a thermoplastic polymer matrix with a particulate or
fiber-reinforcing phase either in continuous or discontinuous (chopped) lengths, can offer
several benefits and are commonly used in structural applications [39]. The rationale
behind adding this phase is oftentimes different and a distinction between filled and
reinforced composites should be made. Fillers are used to occupy volume in a matrix,
thus reducing the cost of the material. On the other hand, a fibrous reinforcing phase has
the capacity to bestow properties significantly altering the bulk matrix and allowing for a
greater range of final applications. In this form, fibers of high strength and modulus are
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embedded in or bonded to a matrix. The resulting composite usually has a distinct
boundary or interfacial area between the bulk matrix and fiber. Both the matrix and fiber
retain their chemical and physical identities but combine to form a material capable of
portraying properties not achievable by either of the material acting alone.
2.4.2. Use of fillers.
Fillers are commonly used to occupy volume in a polymer matrix with the ultimate goal
of reducing material cost without drastically affecting the properties or processability of
the host matrix. It has been shown though that some fillers augment certain properties,
such as heat resistance and modulus, while concomitantly reducing cost [39, 73]. Fillers
having low coefficients of thermal expansion often improve moldability by reducing
shrinkage and warpage [39]. Fillers can take the form of many different materials.
Calcium carbonate, talc, mica, sawdust, and fly ash, a by-product of burning coal used
predominately by the cement industry, are all viable filler materials [39, 73-75].
2.4.3. Short-fiber composite theory and carbon nanotubes as a reinforcing phase.
Discontinuous fiber reinforced composites, including CNT composites, are composites in
which the fibrous reinforcing phase does not span the length of the part. Instead, the
reinforcing phase exists as a dispersed phase in which the CNT/fiber ends are embedded
in the matrix. With regards to manufacturing, this technique is highly advantageous. Most
conventional polymer processing techniques remain applicable and bulk processing is
easily accomplished.
A reinforcing phase is added to a polymer matrix with the intentions of the host polymer
exhibiting the properties of the strengthening component. Together, the composite
material renders properties not obtainable by either material acting alone. Theoretically,
CNTs lend themselves well to this objective and are, as one researcher says, “the ultimate
mechanical filler [8, 76-78].” The surface area to volume ratio that CNTs possess is much
higher than typical micro-scale reinforcing materials such as glass or carbon fibers
(Figure 2.7). A CNT with d=25nm has approximately 200 times more surface area per
unit volume than a d=5μm fiber (Figure 2.6). This attribute equates to more available
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interfacial area for matrix interactions. For CNTs, this characteristic, along with high
aspect ratios (ideal for network formation) are rudimentary motivating factors in favor of
developing CNT based polymer composites. Additionally, while the primary subject of
this review is focused on mechanical reinforcement, concomitant improvement of
thermal and electron transport properties are also to be expected.

Figure 2.7. CNT surface area.
Increases in the ratio of CNT surface area to carbon fiber surface area as a
function of the CNT diameter at identical volume fractions. Two typical
carbon fiber diameters are compared (Figure after Weisenberger) [6].
Coleman et al. address four factors relating to the successful reinforcement of a polymer
with the addition of CNTs: 1) aspect ratio; 2) dispersion; 3) degree of alignment; and 4)
interfacial stress transfer [8]. Desai and Haque concur but underscore interfacial bonding
and load transfer while emphasizing the mere existence of the “superior mechanical
properties (that CNTs possess) do not ensure mechanically superior composites [79].” It
is here, at the CNT/polymer interface, where a third phase is often said to exist. The socalled interphase, or interaction zone, is a region of non-bulk polymer immediately
surrounding the CNT where morphology and properties are thought to differ from the
bulk matrix [80, 81]. For example, CNT pull-out experiments, usually conducted to
measure interfacial strength, have recently suggested that the interphase region is capable
of enduring higher levels of stress than the bulk polymer [82]. Eitan et al. used a
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combination of Raman spectroscopy, electron microscopy, and dynamic mechanical
analysis to characterize the efficiency of load transfer in a surface modified MWCNT/PC
composite [80]. Enhanced load transfer and a larger non-bulk interphase region were
observed in the surface modified MWCNT composites [80]. Recent two-dimensional
finite element simulation data from Qiao and Brinson agree well with the experimental
work discussed above [81]. Their model of discrete zones of interphase predicted
broadening of the transition zones indicating the presence of interphase [81]. This
demonstrates that even a thin layer of interphase could be significant. In the case of a
percolated network of interphase, a shifting of the relaxation peak compared to the virgin
matrix was observed [81]. It is the overall conclusion of these reports that interfacial
considerations such as stress transfer, along with the degree of bonding at the
CNT/matrix interface, is of significant importance to the future use of these materials.
For the composite to be mechanically useful, i.e. for the embedded CNTs to carry an onaxis tensile load, stress must be transferred by the matrix to the CNTs through shear
stress at the CNT/matrix interface [83]. A relationship between the embedded CNT
diameter (d) and strength (CNT) and the interfacial shear strength (i) resulting in a
critical fiber length (lc) has been previously proposed by Kelly and Tyson as [84]:

lc =

 CNT d
2 i

(2.1)

The critical fiber length, lc is the tipping point at which a sufficient amount of stress can
be transferred to cause failure in the CNT. Ideally, CNT length should be above lc to
maximize reinforcement. In this case (l > lc), one would expect to observe composite
failure as a result of stress building up along the length of the CNT. Ultimately the CNT
reaches its break stress, fails, and causes composite failure. Conversely, in cases where
the embedded CNT length is below lc composite failure is anticipated to be a result of
matrix failure. This is due to the embedded CNTs being too short to be loaded to failure.
This concept is shown graphically in Figure 2.8.
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Figure 2.8. Tensile stress profiles.
(a) Short fibers have insufficient length to reach the failure stress of the
fiber (f) as indicated by the dotted line, whereas fibers of (b) critical
length lc or (c) greater can fracture (Figure after Wang et al.) [85].
Rhological considerations (discussed in more depth in Chapter 3) state that shorter CNTs
are typically more desirable in polymer processing [86]. Longer CNTs lead to more
CNT/CNT interaction and consequently, higher melt viscosity. It is for this reason that a
reasonable balance between CNT length and viscosity increase must be established. The
shear-lag interfacial stress transfer approach proposed by Cox, which states the change in
tensile stress in the CNT/fiber lags the shear stress at the interface, demonstrates that high
modulus discontinuous fibers behave as continuous fibers as their aspect ratios increase
[77]. Assuming good interfacial bonding, the argument put forth by Cox demonstrates an
absence in the need for an extremely high aspect ratio CNT to impart a significant level
of modulus reinforcement (Figure 2.9). If poor interfacial bonding is an issue, a higher
aspect ratio CNT can increase stress transfer by allotting more surface area for matrix
interaction but at the cost of higher melt viscosity during processing.
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Figure 2.9. Aspect ratio considerations for discontinuous fiber composites.
The normalized composite modulus is plotted as a function of the volume
fraction of aligned discontinuous fiber using the Cox effective fiber
modulus for the discontinuous fibers. As the aspect ratio of the
discontinuous fiber increases, they behave more like continuous fibers
(Figure after Weisenberger) [6].
2.4.4. Solution and melt processing of carbon nanotube composites.
Effectively processing these composites remains a challenge. Though other processing
techniques exist, CNT composite polymers are usually prepared in one of two ways [8].
Perhaps the most frequently used method in the laboratory setting is solution based
processing [8]. Though there are particular details to every process the main idea is to
disperse CNTs in a polymer/solvent solution, mix via mechanical stirring, shearing, or
ultrasonication, and control the evaporation of solvent, leaving behind a composite
material [87, 88]. The second, and more industrially feasible, technique for preparing
CNT composite polymers is by means of melt compounding [7, 89]. Melt compounding
consists of heating the polymer above either the glass transition or melting temperature
for amorphous or crystalline polymers respectively, incorporating CNTs and allowing
them to be dispersed into the melt by shear mixing. Single and co- or counter-rotating
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screw extruders, Banbury type batch mixers, and Farrel continuous mixers are regularly
used in melt compounding [40]. While other processing techniques are available, these
are by far the most frequently used [8].
2.4.5. Chemical processing of carbon nanotube composites.
The methods outlined above have produced composites with respectable dispersion and
good stress transfer between phases [7, 8]. Nonetheless, there exist other methods to
chemically process CNT composites, namely surface modification or functionaliztion and
in-situ polymerization. These techniques are said to aid in dispersion and improve
mechanical properties by increasing compatibility and strengthen the bond between
reinforcing and polymer phases.
Surface modification involves chemically treating the CNTs to effectively alter surface
chemistry of the graphite structure. Adding or modifying reagents, such as carboxylic,
carbonyl, or hydroxyl surface groups, may provide functional sites for CNT/polymer
interaction [8, 87]. Hexamethylenediamine ( C6 H16 N 2 ), nitric acid ( HNO3 ), and
ethylenediamine ( C2 H 8 N 2 ) are examples of compounds used in this treatment process
[87, 90]. While mechanical properties were not significantly affected, one study indicated
the dispersion of surface treated CNT composite PA 6 and 6,6 was positively affected
[87, 88].
In-situ polymerization is another method garnering attention. This technique involves
polymerization in the presence of CNTs and can result in the covalent attachment of
polymer chains to the outer most graphite layers, essentially creating polymer-grafted
materials [91]. Reports indicate better dispersion and the formation of a strong interfacial
region [88, 91]. Using the previously discussed surface modified materials in this process
is also said to show strong potential [92]. Fourier transform infrared (FTIR) spectroscopy
studies of in-situ polymerized polymethylmethacrylate (PMMA) and hydroxide ( OH )
functionalized MWCNTs suggest that bonding may have occurred at both the nanotube
surface and OH functional sites [92]. These composites also showed a marked increase
in tensile properties thereby attesting the previously mentioned claim [92].
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In the next chapter, the CNT composite ABS production technique used in this project is
reported. Subsequently, rheological characterization of the composite is also described.
Thermal, mechanical, and electrical characterization is discussed in Chapter 4.

Copyright © Daniel R. Bortz 2009.
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3. MANUFACTURE AND RHEOLOGICAL CHARACTERIZATION OF MWCNT/ABS COMPOSITES.
3.1. Introduction.
Acrylonitrile-butadiene-styrene (ABS), a three-monomer system, can be tailored to fit a
wide range of applications depending upon its composition. Inherent toughness and
impact strength due to butadiene (BR) content though, are its hallmark properties. In an
attempt to augment certain attributes of ABS, many have tried to incorporate small
amounts of various fibrous reinforcing materials. Specifically, glass, carbon, graphite,
and stainless steel fibers have been used with an aim to alter one or more physical
properties while maintaining the materials intrinsic toughness [40, 93]. These additives
often have the tendency of increasing a desired property such as stiffness or electron
transport for example but fail to create a truly multifunctional material. CNTs, a
relatively new class of materials, may provide a contemporary solution to this problem.
Indeed, many studies have shown that the unique properties of CNTs confirm them to be
ideal candidates to positively affect mechanical, electrical, and thermal properties of
polymer matrices [94]. Ideally, it is envisioned that these composites will be capable of
new applications that were once not within the reach of the typical properties of
unmodified or even conventional composite polymer matrices. In spite of this vision, a
great deal of work lies between the current state-of-the-art and the widespread industrial
usage of these materials.
This chapter describes a melt-compounding production technique of MWCNT composite
ABS. Melt-compounding is the most likely candidate for industrial scale-up and is
advantageous because of its inherit speed and simplicity. Subsequently, the composite is
rheologically characterized in an attempt to better understand the processing approach
and material properties that result from the procedure. In short, the goals of the material
characterization and the experiments they encompass are to determine: 1) the degree to
which nanotubes are dispersed throughout the matrix and the relative energy needed to do
so, and 2) how MWCNTs affect molecular level properties of the resulting composite and
their impact on rheological parameters.
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Initially, ABS and the MWCNT reinforcing phase (  = 0.0, 0.1, 0.5, 1.0, and 5.0% by
volume) were melt-compounded using a Haake Polylab conical twin-screw extruder [2-5,
95]. The counter rotating mixing screws intermesh to provide the necessary energy to
disperse the MWCNTs into the matrix. Economics, equipment, and time are decisive
factors that favor melt compounding as an industrially viable technique for preparing
CNT composite polymers [7, 89]. Rheological measurements via parallel plate and
capillary rheometry were completed to study the relationship between deformation and
stress in the melt state. Ultimately, rheological characterization will provide the most
insight into upstream processing requirements.
3.2. Materials and methods.
3.2.1. Nanotube production.
MWCNTs (Figure 3.1) were synthesized by the UK CAER to a high purity (>95%) using
a chemical vapor deposition process in an argon-hydrogen rich atmosphere that uses a
xylene-ferrocene mixture as carbon feedstock [22]. The nanotubes begin as iron nanoparticles that nucleate and deposit carbon in the form of aligned MWCNT arrays on
polished quartz substrates in a continuous furnace at a temperature of approximately
700°C [19, 22]. Histograms of their lengths post-processing indicated that the average
MWCNT embedded length was 9μm [3]. Combined with an average outer diameter of
25nm, the aspect ratio of an average embedded MWCNT was approximately 350. This
aspect ratio is nearly infinite when compared to Figure 2.9 and the associated argument
put forth by Cox in the previous chapter [77].
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Figure 3.1. MWCNT structure.
High-resolution micrograph of a representative MWCNT viewed via
transition electron microscopy. Note the dimensions, including ~10nm
core diameter and ~20 concentric-wall configuration.
3.2.2. Specimen preparation.
Virgin Samsung Starex SD-0150GP high impact grade ABS was dried as specified by the
manufacturer under vacuum at 80 – 85°C for 2 – 4 hours. The Haake Polylab extruder
parameters were also set to the manufacturers specifications. The rear, middle, and front
barrel temperatures were set to 190, 200, and 210°C respectively. Mixing speeds were
restricted to 35rpm to limit sizeable increases in melt temperature due to viscous heating.
In a continuous process, polymer was extruded through a 3mm die ( L D value of 3) and
subsequently air cooled and pelletized by a Scheer Bay pelletizer at a rate of
approximately 16g per minute. Once all the material had been expelled from the extruder,
the pellets were collected and reintroduced to the extruder. This protocol was repeated
four times for a total of five passes through the extruder to ensure sufficient mixing.
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Although it was not substantiated in this study, it is possible for this approach to be
capable of reducing molecular weight by some extent due to thermal and shear induced
chain shortening. Ultimately, it was determined that the increase in dispersion would
outweigh a minor decrease in molecular level properties and would provide the best
possible dispersion without irreversibly degrading the polymer.
To prepare the MWCNT composite materials, the necessary mass of MWCNTs (  MWCNT
= 2.0g/cm3) was combined with the requisite virgin matrix. This mixture was then
introduced to the extruder and processed in the same manner and conditions described for
the virgin matrix above.
A Carver hydraulic laboratory press, set to 200°C, was used to produce freestanding films
suitable for characterization and further testing. A load of 5,000lbf (18,300N) was
applied for 3 minutes and steel shims were used to control thickness. Circular specimens
were punched from the films for optical microscopy examination (  = 14.3mm, t = 1mm)
and parallel plate rheology (  = 25.4mm, t = 1mm) measurements.
3.2.3. Rheological testing techniques and analyses.
Rheology is fundamental to the processing of polymer fluids. In most cases, the
fabrication of useful, macro-scale polymer components involves the flow of material in
the melt state in order to configure it to the desired shape. Possessing the knowledge of
how the melt reacts to an applied stress is invaluable in these processing aspects. In
addition, rheologial properties of a polymer melt will also influence residual stresses,
cycle times, and void content in composite processing operations such as injection
molding [96]. Thus, the ability to rheolocially describe a material is an essential tool in
the fabrication of polymers and their composites.
In polymeric liquids, viscosity (Equation (3.1)) is defined as the relationship of stress and
strain (rate) [97]. Viscosity, a sensitive and responsive property, is keen to molecular
level changes in polymer systems, i.e. chain shortening, degradation, and crosslinking,
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and is a valuable piece of knowledge when discussing the material in terms of
processability:

=


˙

(3.1)

where  is the viscosity in Pas,  is the shear stress in Pa, and ˙ is the shear-rate in s-1.
Typically, in rotational or torque rheometry a cone-and-plate geometry is used [86, 96].
The advantage of this geometry is a constant shear-rate throughout the specimen [96]. In
filled or reinforced thermoplastics problems arise when particulate size becomes
comparable to the distance between the truncated cone and the surface of the plate [96].
Therefore, parallel-plate geometry (Figure 3.2) is commonly used as an alternative when
making measurements of filled or reinforced polymers, particularly at low shear rates [86,
96].

Figure 3.2. Schematic diagram of a parallel-plate rheometer.
The top plate is rotated/oscillated at a some rate or frequency while the
rheometer measures torque in the flow field between the plates (Figure
after Gupta) [96].
In a steady-shear experiment, viscosity is determined by measuring torque ( M ) and
normal force ( N ) in the torsional flow between two identical, parallel, coaxial discs. By
varying the speed of rotation, a range of shear rates can be probed. If dynamic properties

28

such as elasticity and energy dissipation are of interest another mode of testing is
available.
In oscillation mode, a small-amplitude sinusoidal deformation is applied by one plate
relative to the other at a gap spacing, h . The angular amplitude (  0 ) is kept small to
ensure the entire sample is within the linear viscoelastic region. By measuring the torque
amplitude ( M 0 ) and phase difference (  ) from the angular deformation, the storage ( G )
and loss modulus ( G) (Equations (3.2) and (3.3)) of the melt can be determined [97].
This type of testing is considered the most reliable rheological testing for reinforced
polymer systems [86]. Furthermore, the use of dynamic testing also allows for the
assessment of internal structure of the system [96].

G =

2M 0 h cos 
R 4  0

(3.2)

G =

2M 0 h sin 
R 4  0

(3.3)

These test modes, steady-shear and oscillatory, were carried out on a TA Instruments
AR-G2 rotational rheometer at a temperature of 200°C. A strain sweep was first
completed to establish the range of linear viscoelasticity and was conducted at a test
frequency of 1rad/s. Steady-shear data was compiled for shear rates in the range of 0.01 –
10s-1. Oscillatory measurements, to obtain G , G, and complex viscosity ( * ), were
performed at 0.1 – 100rad/s and 1% strain.
Capillary rheometry was used to further evaluate viscosity at higher shear rates, similar to
those experienced during extrusion or injection molding and unattainable by parallel plate
rheometry. A Dynisco LCR 6000 capillary rheometer was used throughout the
experiments. In short, the experiments involved measuring the force required to drive
polymer through a capillary of known length ( L ) and diameter ( D). In accordance with
ASTM D3835, three capillaries (  = 1mm and L = 5, 20, and 40mm) were used. To
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provide accurate viscosity data though, a number of corrections must be made to the
acquired data and are described in detail below:
To begin the analysis, it is assumed that the velocity profile within the entire capillary is
fully developed. With this assumption, the shear stress at the capillary wall (  w ) is
defined as:

 w = ( p1  p2 )

R
2L

(3.4)

where ( p1  p2 ) is the pressure gradient over the entire capillary length and R and L are
the capillary radius and length [97]. Viscous losses due to flow re-arrangement at the
entrance and exit to the capillary must be considered. This is done by accounting for
pressure losses at the capillary ends.
The pressure gradient through the capillary can be divided into two components,

( p1  p2 ) capillary

and

( p1  p2 ) ends,

where

( p1  p2 ) ends

is associated with the previously

mentioned viscous losses due to entrance and exit conditions. The Bagley correction is
used to compensate for these conditions [98]. The measured ( p1  p2 ) is plotted versus
L R for each apparent shear rate. A line of best fit is plotted and extrapolated to

( p1  p2 ) = 0 , this provides a correction length (e), which reflects the additional pressure
losses due to the end effects and is added to the capillary length, reflected in Equation
(3.5):

w =

R( p1  p2 )
p1  p2
( p  p2 )  p0
=
= 1
2( L + eR) 2( L R + e)
2L R

(3.5)

The apparent shear rate ( ˙ a ), the other component of viscosity, is initially defined as:

˙ a =

4Q
R 3
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(3.6)

where Q is the volumetric flow rate of polymer exiting the capillary [97]. In these tests

˙ a was varied from 10 – 10,000s-1, much higher than the range of the torsional flow
experiments.
Equation (3.6) can be considered to be valid for Newtonian fluids. In the case of nonNewtonian polymeric fluids, the shear rate is dependent on radial position within the
capillary, and must be modified to more accurately reflect the shear rate near the wall of
the capillary, ˙ w . Equation (3.7) demonstrates this correction and is valid for polymeric
fluids in which shear stress is dependent on shear rate to the n th power, commonly
referred to as power-law behavior:

˙ w =

4Q  3 1d lnQ 
 +
R 3  4 4d ln  w 

(3.7)

To confirm power-law behavior is obeyed a log-log plot of  w versus ˙ a is constructed.
A linear relationship in this data is consistent with power-law behavior and the slope is
defined as the power-law exponent ( n ):

n=

d log 
d log ˙

(3.8)

Using n from Equation (3.8), the true wall shear rate from Equation (3.7) takes the form:

˙ w =

4Q  3n + 1


R 3  4n 

(3.9)

Upon application of the non-Newtonian correction the 10 – 10,000s-1 apparent shear rates
from the capillary experiments were shifted to approximately 15 – 12,000s-1 for all
materials. This can be observed in Figure 3.14.
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Finally, Equations (3.5) and (3.9) can be combined and substituted into Equation (3.1) to
express the corrected viscosity at each shear rate:

=

( p1  p2 )
2( L R + e)


=
˙ 4Q  3n + 1
R 3  4n

(3.10)

3.3. Results and discussion.
3.3.1. Dispersion.
Following processing,  = 14.3mm discs, a reasonable size for the available molds, were
set into epoxy and ground and polished for examination by optical microscopy. The
grinding and polishing regimen used was as follows; 240, 400, and 600-grit silicon
carbide sand paper, and silk polishing pads with 3 and 0.1μm alumina abrasives. A
dispersion scale was used to rank each specimen based on the presence of nanotube
agglomerates and discontinuities in MWCNT distribution throughout the bulk matrix.
The scale uses a number range from 1 to 10 with 1 being related to a poor dispersion with
many agglomerates and 10 being a good dispersion. Indices < 3 are deemed unacceptable
due to the presence of closely distributed agglomerates. This can lead to poor material
performance due to the stress rising nature of the agglomerates. Table 3.1 summarizes the
dispersion scale.
Results illustrate a relatively respectable dispersion at low MWCNT loadings. Increasing
the volume fraction trends towards higher levels of discontinuity and agglomeration
within the matrix. This indicates the required amount of energy needed to successfully
disperse the MWCNTs increases with the addition of higher volume fractions.
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Table 3.1. Dispersion index by optical microscopy [7, 95].
Broad
assessment

Frequency of occurrence of
agglomerates

Very Poor

<50 μm

Poor

50 to 100 μm

Fair

100 to 200 μm

Quite Good

200 to 300 μm

Good

>300 μm

Uniformity of fiber
distribution in
dispersed phase

Assigned
scale value

Non-uniform
OK
Non-uniform
OK
Non-uniform
OK
Non-uniform
OK
Non-uniform
OK

1
2
3
4
5
6
7
8
9
10

Micrographs taken from each specimen were compared to the dispersion scale in Table
3.1. Figure 3.3 shows four representative examples taken to establish dispersion. The
lower volume fractions (0.1 – 0.5vol%) show high dispersion indices with small
agglomerates (<25μm) located greater than 300μm apart. As the loading level is
increased, both agglomerate size and frequency are observed to intensify. This is
reflected in the reduction in dispersion index in the 1 and 5vol% materials. The decrease
in dispersion in higher loadings is due to an increase in the necessary energy needed to
successfully break up agglomerates. As more MWCNTs are fed into the matrix it
becomes increasingly difficult to achieve quality dispersion. Figure 3.5 provides a
summary of the dispersion indices.
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Figure 3.3. MWCNT dispersion.
Representative optical micrographs (50) characterizing MWCNT
dispersion, each specimen received equal mixing energy input. Top row;
0.1vol% left, 0.5vol% right. Bottom row; 1vol% left, 5vol% right.
In addition to the optical micrographs displayed above, scanning electron microscopy
(SEM) was used to further evaluate dispersion at higher magnifications. Figure 3.4 shows
two high-resolution SEM micrographs in backscatter mode in order to enhance the
contrast between the SAN matrix and BR particles.
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Figure 3.4. MWCNT – ABS composite.
High-resolution SEM micrographs of freeze fractured surfaces of a 1vol%
loading, left, showing dispersed BR particles indicated by the white
arrows, and a 5vol% loading, right where a MWCNT agglomerate has
been detected.
Dispersion appears quite good with individual nanotubes interacting with surrounding
matrix in the 1vol% material (left). White arrows identify the spherical BR particles and
appear to be ~500nm in diameter. The 5vol% micrograph shows an agglomerated region
~15μm across. The alignment of the agglomerate is due to the manner in which the
nanotubes grow on the quartz substrate during the CVD process. Agglomerates such as
this one will ultimately act as stress concentrating sites within the matrix and can, in due
course, lead to premature failure.
Consequently, with the evidence shown here, it is believed that the upper limit of this
compounding technique is roughly 5vol% MWCNTs. Committing more mixing energy to
the process could be warranted but with the risk of permanently degrading the polymer
matrix.
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Figure 3.5. Dispersion index.
The index uses a number system to assign a given dispersion a ranking
from 1 to 10 with 1 being related to a poor dispersion with many
agglomerates and 10 being a good dispersion. The figure shows
deterioration in nanotube distribution as the volume fraction rises.
3.3.2. Rheological Properties.
Polymer fluids depend heavily on molecular structure and other properties in order to
exhibit their intrinsic viscoelastic behavior (Figure 3.6) [39, 86]. Specifically, molecular
weight is the dominating factor of a polymer’s flow characteristics at elevated
temperatures and low shear rates [99]. This implies that the depiction of the relationship
between this structure and behavior must be made in a way that the imposed stress or
strain has little or no influence on the property under consideration. Simply put,
rheological measurements, in which viscoelastic considerations are of primary
importance (i.e. oscillatory measurements, described below), should be performed in the
linear viscoelastic region of the material [86].
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Figure 3.6. Processing variables.
Effects of processing variables on melt viscosity. The arrows show the
direction the viscosity curve will be shifted by an increase in the variable
(Figure after Grulke) [39].
A technique involving steadily increasing the applied cyclic strain at a constant frequency
in dynamic oscillation mode is one method of determining a polymer’s linear viscoelastic
region. A deviation of more than 10% in complex viscosity ( * ), a dynamic viscoelastic
function in which both elasticity and steady state viscosity are represented, signifies
departure from linear viscoelastic behavior. Here, a series of strain sweeps, from 0.01 –
100% strain at a test frequency of 1rad/s were completed. Figure 3.7 illustrates the
oscillatory strain results.
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Figure 3.7. Strain sweep.
Determination of the linear viscoelastic region by means of complex
viscosity.
These results clearly show the onset of strain dependent behavior in the 5vol% MWCNT
material. A strain of only 1% represents a 10% deviation in complex viscosity and is
considered the maximum strain magnitude capable of providing useful results. The other
materials show non-linear viscoelastic behavior beginning at approximately 50% strain.
Based on these data, both the storage and loss modulus and the dynamic viscosity are
independent of strain amplitude up to 1% strain.
Figure 3.8 presents the storage modulus responses to a frequency range of 0.1 – 100rad/s
and the aforementioned 1% strain. The virgin ABS (0vol% MWCNTs) material shows
relatively elastic behavior, stretching from ~300 to over 10,000Pa and is consistent with
other reports [100]. The addition of small amounts of MWCNTs (0.1 – 1vol%) does not
significantly alter the response at high frequencies as the materials fall within a narrow
band above 10rad/s. The response of these materials at lower frequencies though shows
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the emergence a plateau region below 1rad/s. The 5vol% signal displays a vertical shift in
the higher frequencies and an exaggerated plateau region at lower frequencies. In fact, the
5vol% signal varies less than an order of magnitude over the experimental range of
frequencies, compared to the nearly 3 orders covered by the virgin material. A flattening
of the response is indicative of a highly agglomerated system [86]. Agglomerates have a
tendency to trap adjacent liquid in their surface voids thus decreasing the volume fraction
of liquid around them; this creates a situation in which the data suggests a higher volume
fraction of reinforcing phase than is actually present [86].

Figure 3.8. Storage modulus.
Storage modulus ( G ) vs. frequency (0.1 – 100rad/s) at 1% strain and
200°C. The hooks observed in the 0.5 and 5vol% loadings are not believed
to be significant and are attributed to flow rearrangements at the beginning
of the test (black arrows).
The appearance of a plateau region as the volume fraction of a filler or reinforcing phase
is increased is a relatively common occurrence, especially for heterogenous polymer
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systems [100]. Here, exhibition of solid-like behavior is partially due to the added
structure that the MWCNT reinforced materials possess, though some analyses have
concluded the behavior lacks a complete explanation [51, 73, 86, 101].
Examination of the loss modulus curves (Figure 3.9) yields similar results to that of the
storage modulus. The low volume fraction MWCNT materials tend to fall into a narrow
band at high frequencies. The plateau region, only noticeable in the 5vol% curve here,
has a higher magnitude than the storage modulus at equivalent frequencies. This again is
evidence of solid-like behavior. Additionally, a higher loss modulus corresponds to a
material that is proficient in dissipating stored energy, i.e. more elastic in nature.

Figure 3.9. Loss modulus.
Loss modulus ( G) vs. frequency (0.1 – 100rad/s) at 1% strain and 200°C.
Complex and steady shear viscosity responses are shown in Figures 3.10 and 3.11.
MWCNT reinforced ABS shows a higher melt viscosity tending towards zero-shear
viscosity ( 0 ) and strong shear thinning behavior. Fibrous reinforcing materials are
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known to increase melt viscosity more than spherical particles of similar size [86]. It has
also been shown that viscosity increases tend to be higher for smaller sized reinforcing
materials [86]. This is mainly due to additional particle-particle interactions occurring as
the size of the material decreases. Thereby, the size, shape, and resulting high aspect ratio
of MWCNTs lend themselves to significantly increasing melt viscosity at low shear rates.
So much that 5vol% reinforced ABS exhibits no discernable Newtonian plateau and
significant yielding at low shear rates. This behavior is linked to the existence of an interconnected network of MWCNTs within the matrix. At low shear rates, the structure is
capable of withstanding a higher stress without flowing, this results in the yielding
phenomenon exemplified in Figure 3.10. At higher shear rates this effect is less prevalent
and the matrix contributions dominate the response.

Figure 3.10. Complex viscosity.
Complex viscosity ( * ) vs. frequency (0.1 – 100rad/s) at 1% strain and
200°C showing significant yielding in 5vol% MWCNT reinforced ABS
(black arrow).
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In general, as suggested by Cox and Merz, the steady-shear response data compare well
with the absolute values of the complex viscosity [102]. A deviation in this behavior is
evident though in the 5vol% MWCNT reinforced material. The departure from Cox-Merz
behavior in higher levels of reinforcement is not uncommon and has been documented
elsewhere in the case of relatively stiff materials, such as fiber reinforced polymeric
matrices [97, 102].

Figure 3.11. Steady shear viscosity.
Steady-shear viscosity (  ) vs. shear rate (s-1) at 200°C showing a similar
yielding behavior observed in Figure 3.10 in 5vol% MWCNT reinforced
ABS.
The virgin material shows a transition from a soft solid at low shear rates to a thin liquid
at higher shear rates. As MWCNTs are added, the behavior gradually changes to more of
a structured fluid. In the 5vol% loading for example, the G and G data indicate that the
material is closer to a stiff solid at low shear rates and a thick liquid at higher shear rates.
Additionally, higher zero-shear viscosity observed in the reinforced materials, yielding
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behavior in the 5vol% MWCNT curve, and matrix dominance at high shear rates are the
prevalent trends in both the oscillatory and steady-shear data.
Beyond the Newtonian region, strong power-law behavior takes over. Shear thinning is
an important non-Newtonian property as most polymer processing operations benefit
from the increase in material flow and the reduction of energy consumption during
processing [99]. Capillary flow is easily generated in the laboratory and was used to
probe this region of higher shear and flow.
Capillary rheometry is effective in probing higher domains of shear. Results of the
analysis, described in detail in section 3.2.5, are shown below with appropriate examples
taken from the data. A complete catalog of the involved figures is included in Appendix
B.
As suggested by Bagley, the apparent shear-rate was corrected for viscous losses due to
flow re-arrangement at the entrance and exit to each capillary (Figure 3.12) [98, 103].
The end correction ( e ), the absolute value of L R at P = 0, when added to the capillary
length accounts for these losses and allows for the true wall shear stress to be calculated
(Equation 3.5).
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Figure 3.12. Bagley plot.
Bagley plot for 1vol% MWCNT reinforced ABS at fifteen apparent shearrates.
Once calculated, the true wall shear stress allows for the calculation of the power-law
exponent ( n ) to correct for non-Newtonian behavior. A log-log plot of  w - versus - ˙ a
provides a linear relationship in which the slope is defined as the power-law exponent
( n ) (Equation 3.8). Figure 3.13 provides an example taken from the 0.1vol% loading.
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Figure 3.13. Power-law exponent.
Determination of the power-law exponent from true wall shear stress vs.
apparent shear rate plot for 0.1vol%.
Using Equation 3.8 and Figure 3.13 the power-law exponents were determined. The three
L R values from Figure 3.13 resulted in n values of 0.2977, 0.2916, and 0.2878. Now,

the wall shear rate and subsequently the corrected viscosity can be defined (Equations 3.9
and 3.10). The extent to which the corrections alter the viscosity data is shown in Figure
3.14.
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Figure 3.14. Flow corrections.
Comparison of apparent and corrected flow data in capillary rheometry
data.
Results show the addition of 5vol% MWCNTs produced the largest increase in melt
viscosity (Figure 3.15). At 1000s-1, a typical shear rate for an injection molding process
for example, the melt viscosity of the 5vol% loading was 140% that of (425 versus
310Pas) the virgin material [99]. In comparison to torsional results though, this is a
relatively minor increase. Steady-shear torsional testing showed the 5vol% loading to
posses a 5000% higher zero shear viscosity than the virgin material. This emphasizes the
role that matrix contributions and shear-thinning behavior plays on these materials at high
shear rates.
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Figure 3.15. Capillary rheometry results.
Corrected viscosity capillary rheometry data of ABS. The curve is nearly
linear in this shear-rate region.
Combining the steady-shear torsional and capillary data shows reasonable agreement
(Figure 3.16). The data suggest torsional data becomes erratic and unreliable above 5s-1.
This is due to the material becoming unstable and ultimately being ejected from between
the plates of the rheometer as the angular velocity of the rotating plate increases.
Figure 3.17 shows better agreement between oscillatory and capillary data and
compliance with the Cox-Merz rule. The relationship indicates that a correlation exists
between the magnitude of the complex viscosity and steady-shear viscosity at equal
values of frequency and shear rate [86]:

(˙ ) =  * ( )
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at ˙ = 

(3.11)

Figure 3.16. Combined steady-shear/capillary data.
Combined steady shear torsional and capillary data showing reasonable
agreement.

Figure 3.17. Combined oscillatory/capillary data.
Combined oscillatory torsional and capillary data exhibiting better
compatability, especially in lower volume fractions.
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This convention, developed by Cox and Merz, has been found to hold for most flexible
chain thermoplastic materials but tends to fail in highly filled or reinforced melts [86].
This trend is seen to exist here as the lower loadings (0.1 – 1vol%) show observance to
Cox-Merz behavior (Equation (3.11)). The 5vol% loading shows divergence between
complex and steady-shear viscosities. This behavior can be attributed to differences in the
extent of particle-particle interactions occurring under steady-shear conditions and in the
dynamic state [86].
3.4. Concluding remarks.
The present chapter contains a melt compounding procedure and a thorough reological
characterization of MWCNT/ABS composite materials containing 0.1 – 5vol%
MWCNTs. Optical and SEM techniques used to verify dispersion ultimately showed
agglomeration and non-uniform fiber distribution problems as the nanotube loading was
increased to 5vol%. It was determined from these observations that this concentration
(5vol%) is the upper limit to the extrusion approach of compounding. Regardless, the
melt compounding technique used to manufacture the materials proved to be both
practical and prudent.
From a rheological point of view, parallel plate and capillary rheometry data showed the
addition of MWCNTs to the ABS matrix increased viscosity and changed the rheological
response when compared to virgin ABS. Key observations were a loss of the Newtonian
region of the melt and the formation of a plateau region in G and G at low frequencies,
these observations were specifically attributed to the formation of a structured MWCNT
network in regions of low shear.
Finally, when examining the results it seems likely that adding small amounts of
MWCNTs (0.1 – 1vol%) as a reinforcing phase does not drastically alter the ultimate
processability of the composite from a standpoint of rheology alone, as the shear rates at
which most processing takes place is ~1000 reciprocal seconds. Still, this is not to say
that low shear rate performance of these materials will not affect final part quality in a
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given polymer processing operation. The ability for the melt to elastically recover plays a
significant role in the low shear rate performance.

Copyright © Daniel R. Bortz 2009.
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4. THERMAL, MECHANICAL, AND ELECTRICAL PROPERTIES OF MWCNT/ABS COMPOSITES.
4.1. Introduction.
The compounding technique explained in Chapter 3 provided a composite system with
respectable dispersion of MWCNTs throughout the ABS matrix, particularly at low
volume fractions. This chapter describes the subsequent characterization of these
materials to further understand the material properties that result from the compounding
procedure. Data are provided in order for comparison purposes with the intention of
presenting fundamental differences between the materials.
A series of experiments designed to determine effects of processing and the addition of
MWCNTs were performed on the virgin ABS and MWCNT composite materials.
Thermal properties were characterized by several techniques: differential scanning
calorimetry (DSC) to study phase transformations; thermogravimetric analysis (TGA)
and differential thermal analysis (DTA) to examine thermal stability; and, dynamic
mechanical analysis (DMA) to determine molecular level mobility. Tensile performance
was used to describe mechanical properties. Results for electrical conductivity
measurements by impedance spectroscopy conclude the chapter.
4.2. Materials and methods.
4.2.1. Specimen preparation.
The fabrication technique outlined in Chapter 3 was used to produce freestanding films
suitable for materials testing by each instrument.

Briefly, 5,000lbf (18,300N) was

exerted on the materials in a heated press (200°C) for 3 minutes to fashion the films.
Circular specimens were punched from the films for DSC (  = 4.8mm / t = 1mm) and
impedance spectroscopy measurements (  = 25.4mm / t = 1mm), rectangular strips
40mm  6.33mm  0.5mm (length  width  thickness) were machined for DMA, and
ASTM Type IV dogbones (t = 0.5mm) were punched for tensile characterization. 8mm 
8mm  0.5mm specimens were used for TGA.
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4.2.2. Differential scanning calorimetry.
A TA Instruments model Q100 DSC was used to detect phase transformations. These
transitions appear as a step in the recorded heat flow (W/g) signal and are due to changes
in heat capacity [104].  = 4.8mm / t = 1mm discs, enclosed in aluminum pans were
equilibrated at -100°C then ramped at 10°C per minute to 200°C. Once at 200°C, the
specimens were cooled and the above procedure was repeated. Data was recorded from
the second temperature ramp. The heating-cooling-heating technique is designed to
remove previous thermal history and make measurements more repeatable by bringing all
the specimens to the same origin [105]. An empty aluminum pan was used as the
reference specimen.
4.2.3. Thermogravimetric analysis
Thermal stability and decomposition kinetics were studied with a TA Instruments Q500
TGA. 8mm  8mm  0.5mm (length  width  thickness) specimens were placed in a
platinum pan, heated from ambient (~25°C) to 1000°C at a heating rate of 10°C/min in an
air atmosphere. Typically, thermal decomposition in polymeric materials is prescribed as
the onset of weight loss, where the degradation begins to emit volatile molecules [105].
Here, for the purpose of comparison, the peak of the derivative weight loss curve was
taken as the point of thermal induced decomposition.
4.2.4. Dynamic mechanical analysis
Temperature dependent DMA scans were completed on a TA Instruments Q800 in both
tension and single cantilever modes. These experiments provide insight to molecular
level mobility and modes of reinforcement. Specimen dimensions were 40mm  6.33mm
 0.5mm (length  width  thickness) for tension specimens and 35mm  6.33mm 
0.5mm (length  width  thickness) for single cantilever specimens. In both testing
modes, temperature sweeps were conducted from -125 to 150°C at a scan rate of
2°C/min. The specimens were subjected to a sinusoidal strain of 0.03% (~20μm
deflection) and well within the linear elastic region where stress is proportional to strain.
Test frequency was 1Hz for in tension mode and 5Hz in bending. 5Hz was used in the
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single cantilever tests in view of the fact that this is the test frequency of the fatigue tests
described in Chapter 5.
This testing allows for the measurement of the storage ( E ) and loss modulus ( E  ) as a
function of temperature. Here, Young’s modulus bears comparison to E  at room
temperature (25°C), the peak of E  is considered Tg , and the ratio of E  to E  is the loss
tangent ( tan  ), which gives insight into changes that the reinforcing agent is having on
the molecular mobility of the bulk matrix and interface region [80]. Eitan et al. propose
that changes in loss modulus are directly linked to molecular mobility. If a separate
region of polymer matrix exists, i.e. an interfacial region surrounding the nanotubes
exhibiting lower molecular mobility, a broadening of the loss modulus to higher
temperature is observed. If however the reinforcing phase is affecting the bulk polymer
equally throughout the matrix then a horizontal shift in the loss modulus should be
observed [80].
4.2.5. Tensile tests.
Tensile tests were conducted in accordance with ASTM 638 using Type IV dogbone
geometries. The tests were conducted at room temperature (25°C) and run at an extension
rate of 5mm/min. Strain was determined based on the relative displacement of the
crossheads. 2 – 3 specimens of each volume fraction were included in each sample.
4.2.6. Impedance spectroscopy.
Electrical properties were measured by AC impedance spectroscopy. A Solartron 1260
frequency response analyzer coupled to an EG and G Princeton Applied Research
Potentiostat/Galvanostat Model 273A were used. Both sides of the specimens (  =
25.4mm / t =1mm) were coated with conductive silver paint to ensure adequate contact to
the opposing current collectors, which were copper foil with a sputtered gold film. The
tests were conducted at 0 bias voltage at a frequency range of 10-3 – 106Hz. Specific
conductivity was calculated from admittance values and considered to be DC-equivalent
at 100Hz [35].
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4.3. Results and discussion.
4.3.1. Thermal Properties.
Due to its composition, ABS displays a complex thermal behavior with several
observable transition regions. DSC results from virgin ABS and its MWCNT composites
evaluated in the -100 to 200°C temperature range are shown in Figure 4.1. The first
visible phase change occurs at ~-75°C and is due to the BR transition from glass to
rubber. This transition is important in view of the fact that above this temperature the BR
phase is a rubber and able to bestow toughness.
The largest endothermic transformation is observed at ~104°C and is caused by the glass
transition ( Tg ) of the SAN matrix. This transition represents the maximum usage
temperature of the material and appears to be relatively consistent across the materials.
Several smaller events are observed in the signals. Specifically, endothermic events at
~70 and ~130°C are consistent with temperatures at which BR trans-1,4 melts. A typical
emulsion produced BR contains approximately 70% trans1,4- structure. A high-trans
polybutadiene (>90% trans1,4) usually exhibits two changes in heat capacity
corresponding to two distinct events associated with melting [106]. Accordingly, it is
believed these events are due to trans1,4 melting.
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Figure 4.1. DSC results
Multiple BR and SAN phase transitions are observed by DSC on the
second heating ramp.
Most of the measurable thermal transitions observed in polymer systems can be explained
by changes in either free volume or relaxation time [107]. The DSC signals exhibit no
real change in glass transition temperature or melting behavior over the range of
materials. DMA results provide a sensitive measure of these transitions, of which many
are undetectable by DSC [107]. By applying an oscillating force to the specimen and
measuring its ability to elastically recover and loose energy (damping) a more detailed
characterization of material properties is possible.
Two test modes were used. Tests were conducted in both tensile and single cantilever
modes at 2°C/min from -125 to 150°C under 0.03% strain. 1Hz was the frequency in
tension; 5Hz was used in bending. Tg was determined from the peak of the loss modulus
curve. The results from the single cantilever tests were very similar to those observed in
tension. The bending experiments were conducted in order to bear comparison with the

55

fatigue results of Chapter 5. For this reason, the bending results are discussed further
there. The tension results are discussed heavily here.
In theory, when tested in tension, the elastic component ( E ) of the complex modulus
( E * ), is analogous to Young’s modulus ( E ). But as Menard points out, Young’s modulus
is determined from a range of stresses and strains as it is the slope of a line [107]. E  in a
DMA test is merely a point on this line and determined from a dynamic experiment
[107]. None-the-less, E  is a very similar elastic property to Young’s modulus and is
shown in Figure 4.2 for the tension specimens.

Figure 4.2. Storage modulus in tension.
Modest loadings exhibit similar elastic behavior to the virgin material. The
5vol% material shows a substantial magnification in E .
A significant increase in elasticity is observed at all temperatures between 5vol% and
other loadings. As the material heats from -125°C a large drop in E  corresponding to the
BR glass transition event is observed at ~-75°C. Again, this transition is important in that
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the BR phase must be in rubber form to impart toughness to the copolymer. Further
heating shows a small peak preceding the drop corresponding to the SAN Tg . The small
peak reflects the material rearranging on a molecular level due to small-scale stresses
trapped in the frozen state, below Tg [107].

The materials ability to loose energy, the loss modulus ( E  ), is the component of E * that
reflects the specimen’s inability to recover from the applied deformation. These energy
losses, due to friction and internal motions, are directly related to permutations in
molecular mobility, and are typically measured by comparing the phase lag between the
applied deformation and the material’s response [80, 107]. E  , in Figure 4.3, shows
several interesting trends. First, in the low temperature region, shown more distinctly in
Figure 4.4, a clear shift in the BR peak is observed. The peaks appear to maintain their
relative breadth and simply shift to a higher temperature. This is significant because the
shift indicates that the BR phase is equally affected throughout its bulk volume by the
presence of MWCNTs. The shift is also evidence of an increase in BR phase Tg , not seen
in the DSC measurements. This may be due to the MWCNTs effectively shielding the
bulk matrix from stress-induced molecular mobility whereas the DSC measurements do
not include an active stress element and relate to thermal effects only. Furthermore, the
shift suggests that the bulk matrix has been physically, or mechanically, affected by the
inclusion of MWCNTs [80]. Specifically, it implies that the BR phase is physically
affected by the presence of the nanotubes and interaction between the two exists.
Examination of high-resolution SEM micrographs indicates that in fact, no evidence of
BR/MWCNT interaction was detected. An example corroborating this argument is given
in the SEM micrograph shown in Figure 4.5. Further discussion on this topic is given in
later chapters.
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Figure 4.3. Loss modulus in tension.
The loss modulus shows a shift in the BR peak and broadening in the SAN
peak. This suggests that two separate reinforcement mechanisms exist in
the system.
The high temperature region of the E  signal, more clearly shown in Figure 4.6, reveals
that unlike the low temperature BR peak, the SAN peak exhibits a broadening behavior
tending towards higher temperature. This effect implies that the SAN phase is affected in
a different manner than the BR elastomer phase. In effect, these results provide evidence
of a third, ‘interfacial’ region of reduced polymer mobility described in Chapters 2 and 3
[3, 80, 81]. This region of interphase, immediately surrounding the MWCNTs and
thought to extend several radii of gyration, has been characterized by a reduction in
polymer chain mobility suggesting that some level of SAN/MWCNT interaction has led
to reinforcement of the material [3, 80, 81, 108]. Due to the large ratio of surface are to
volume of MWCNTs, the magnitude of interphase can be quite substantial.
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Figure 4.4. Loss modulus in tension.
Loss modulus showing a shift to higher temperature in the BR peak.

Figure 4.5. Butadiene/MWCNT interaction.
High-resolution SEM micrographs indicating poor interaction between BR
and MWCNTs.
Given these findings, it is proposed that the addition of MWCNTs, which coincides with
an increase in polymer/MWCNT interfacial area, has effectively led to a decrease in
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polymer chain mobility immediately surrounding the MWCNTs and that this interface
region has reinforced the bulk matrix. This effect is most notable in the highest volume
fraction (5vol%) in Figure 4.6 where a pronounced broadening in the temperature region
above Tg is observed.

Figure 4.6. Loss modulus in tension.
Loss modulus showing broadening to higher temperature in the SAN peak.
TGA degradation curves of virgin ABS and the MWCNT composites are shown in
Figures 4.7 and 4.8. The DTA curves are shown in Figure 4.9. Un-reinforced ABS is
observed to evolve in two steps. First, from 200 to 500°C and again from 500 to 600°C.
This behavior in unmodified ABS has been shown elsewhere [109].
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Figure 4.7. TGA results.
TGA of MWCNT/ABS composites under air. Note the earlier initial
degradation of MWCNT composites.

Figure 4.8. TGA results.
TGA of MWCNT/ABS composites under air. Note the development of a
three-step degradation behavior in the MWCNT composites.
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The addition of MWCNTs unexpectedly catalyzes decomposition. The first DTA peak
shifts from 432 to 426°C. The second DTA peak shifts more significantly from 587 to
503°C. The higher MWCNT loadings (1 and 5vol%) also show the development of a
third peak corresponding to the MWCNTs themselves (Figure 4.9). This peak is observed
at 603 and 613°C in 1 and 5vol%. MWCNTs are shown to evolve at 594°C.

Figure 4.9. DTA results.
DTA of MWCNT/ABS composites under air. This plot also includes a
MWCNT curve to illustrate the development of a third peak believed to be
caused by the inclusion of MWCNTs.
The catalytic effect that the MWCNTs have on the composite materials is unexpected.
Similar findings have been reported elsewhere. SWCNTs were shown to accelerate the
initial degradation and reduce the thermal stability of an ABS matrix [109]. The
degradation of ABS has been documented as a radical process and the report suggested
that the SWCNTs might have contributed to the radical initiation process [109, 110].
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4.3.2. Mechanical Properties.
Tensile tests of ASTM Type IV dog-bone specimens were performed on a MTS QTest10
at an extension rate of 5mm/min. 3 – 5 specimens were included in each sample, with
average values and standard deviations reported to represent the range of values
collected. Young’s modulus (E) and ultimate tensile strength (UTS) are reported
graphically in Figure 4.10. In general, mediocre increases in performance were observed
with the addition of MWCNTs.

Figure 4.10. Mechanical Properties.
Young’s modulus and ultimate tensile strength as a function of MWCNT
volume fraction.
The UTS briefly drops as the MWCNT volume fraction is increased to 0.1vol% but
quickly recovers and increases to a maximum of 10% higher than the virgin material at
5vol% reinforcement. Small changes in modulus are detected up to a loading level of
1vol%. Specifically, 1vol% MWCNT reinforced ABS was found to have a 2% higher
modulus than virgin ABS. Although, this cannot be interpreted as a significant
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modification as it is within experimental error. The 5vol% material shows the largest and
most significant increase in modulus, 14% higher than the virgin material. These data
indicate that no significant stress transfer is occurring at the nanotube/matrix interface.
Generally, the hallmark of reinforcement (in a strict definition of the term) is an increase
in the matrix modulus. If the reinforcing phase has a higher modulus than the matrix, is
oriented in the proper direction, and good bonding is made, an increase in the modulus of
the matrix should be measured. The effect the MWCNTs had on the modulus of ABS was
marginal and far below the predicted performance based on the rule-of-mixtures (RM)
used for the analysis and predication of Young’s modulus [77, 78]:
E = (0 E Eff  E P )V f + E P

(4.1)

where E , E Eff , and E P are the composite modulus, the effective nanotube modulus, and
the bulk polymer modulus [111]. V f and 0 are the nanotube volume fraction and
orientation factor [8, 78]. This is in agreement with 1) poor bonding at the interface and
2) perhaps the MWCNTs are not oriented enough with the direction of load to effectively
be of high modulus. The consequences of this behavior are discussed in terms of fatigue
performance in Chapter 5.
Complete stress (  ) - strain (  ) curves reflecting these tests are included in Appendix C.
4.3.3. Electrical Properties.
Producing a conductive composite heavily depends on included MWCNT volume
fraction and relative dispersion, characterized in Chapter 3. Results from alternating
current (AC) impedance spectroscopy were used to calculate specific conductivity
according to:

( f ) =

1
*

Z (f)
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t
A

(4.2)

where t and A correspond to the specimen’s thickness and surface area and Z * ( f ) is the
complex impedance as a function of frequency.
Specific composite conductivity values calculated from Equation 4.2 are shown in Figure
4.11.

Figure 4.11. Specific composite conductivity.
Bulk AC conductivity as a function of frequency. 0 – 1vol% specimens
show a capacitive response, the frequency non-dependence of 5vol% is
indicative of metallic conductivity.
The electrical measurements in Figure 4.11 show a dielectric, capacitive response from
the 0 – 1vol% specimens over the entire frequency range and conductive behavior from
the 5vol% material. This suggests that there exists a percolation threshold, in which a
conductive path throughout the system is developed between 1 and 5vol% loadings. The
percolation threshold could not be better approximated due to a lack of data points. A
concentration between 1 and 5vol% would be needed.
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It was assumed that the bulk AC conductivity was direct current (DC) equivalent at
100Hz. The specific conductivities of the materials at 100Hz AC is illustrated in Figure
4.12.

Figure 4.12. Specific composite conductivity.
This plot compares the specific composite conductivity as a function of
MWCNT volume fraction. As indicated by the dotted lines, a percolation
threshold is believed to exist between 1 and 5vol% loadings.
4.3.4. Discussion.
The results of this chapter indicate that there exists a strong connection between the
thermal and mechanical properties of these composite materials. It is known that
MWCNTs possess a high degree of thermal stability. Figure 4.9 shows the MWCNT
DTA peak at 594°C. Assuming kinetics is not inciting a considerable alteration in
measurable properties, it is thought that the thermal conductivity of the MWCNTs has led
to the earlier decomposition of the composites observed in TGA and DTA. This
hypothesis was tested by using multiple heating rates and examining the resulting data
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trends. It was observed that DTA peaks in the 10°C/min heating rate curves began to
approach one another when heated at 1°C/min. This suggests a thermal conductivity
issue. The MWCNTs are acting as super conductive heat pipes enabling energy to be
supplied to the specimen at higher rates. Thus, the specimen is observed to begin
decomposition at earlier temperatures in the presence on MWCNTs.
A combination of DSC and DMA results on the other hand suggest the MWCNTs are
affecting the properties of the matrix. Specifically, it is proposed that formation of an
amorphous interphase region surrounding the MWCNTs in the SAN phase is observed in
DMA. The shifting of the BR E  peak is evidence of the MWCNT presence wholly
affecting the matrix by shielding the particles from stress. The broadening of the SAN

E  peak indicates the formation of interphase. DSC then restricts the morphology of the
interphase to being strictly amorphous. Heat flow curves from DSC lack of a significant
endothermic melting peak that would suggest MWCNTs acting as a nucleating agent
aiding in the development of a crystalline interphase. This also can be interpreted as
evidence for the formation of interphase in the SAN phase. It is believed that the
MWCNTs were able to restrict molecular mobility through the formation of interphase
and prevent crystallization from occurring.
Formation of interphase is significant and the magnitude of surface area provided by the
MWCNTs provides a large potential region capable of supporting its formation. Relating
to fatigue, the analysis of the DMA data suggests an optimistic approach should be taken.
4.4. Concluding remarks.
The present chapter contains a thorough characterization of MWCNT/ABS composite
materials containing 0.1 – 5vol% MWCNTs. DMA findings suggest a positive
MWCNT/SAN matrix interaction evident from the broadening behavior of the loss
modulus. This result implies that molecular mobility has been altered in the interface
region surrounding the nanotubes in the SAN phase. The lack of broadening and a pure
shift of the BR peak indicate that the BR particles are wholly affected by the nanotube
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presence but this could not be confirmed via SEM. Regardless, DMA results indicate that
the MWCNTs are interacting in the BR and SAN phases in different aspects.
Mechanical properties reasonably agree between the tensile and storage modulus
characterizations indicating that both elastic modulus and ultimate tensile strength are
enhanced, especially in the 5vol% loading.
Electrical conductivities, measured by AC-impedance spectroscopy showed that
conductive behavior was not obtained until 5vol%. This was suggestive that a percolation
threshold exists somewhere between 1 and 5vol%.
Ultimately, it is apparent that the low volume fractions are not that unalike to one
another. The characterizations indicate that many parameters appear very similar in
nature when comparing the virgin material and 0.5vol% MWCNTs, for example. When
the highest loading is examined though, a radical change is properties are observed.

Copyright © Daniel R. Bortz 2009.
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5. FATIGUE PERFORMANCE OF MWCNT/ABS COMPOSITES.
5.1. Introduction.
Rubber-modification of plastics is typically done to increase toughness under monotonic
loading conditions and, in this regard, has proven very effective [64, 67]. A measure of
material performance though should include more than quasi-static properties such as
those found in tension or bending. Performance in real world applications, where longterm, cyclic deformation is common, is also a measure of a material’s durability. Carbon
fiber, because of its high strength and low weight, is commonly used in bi-directional
woven laminates or dispersed in thermoplastics to address premature, fatigue-induced
failure of thermosetting or thermoplastic polymers. The nanoscale dimensions and
superior specific strength of MWCNTs advocate their use as high quality alternatives to
carbon fiber. The results of Marrs et al. and Bortz et al. suggest that MWCNTs may be
very effective at increasing the resistance to fatigue related failure in composites [2-5].
Other studies have shown MWCNTs to mitigate creep, another time dependent mode of
deformation [112, 113]. Results from yet another study suggest that MWCNTs serve as
crack propagation inhibitors [114]. In this chapter, the fatigue performance of the
previously characterized MWCNT reinforced ABS is measured and directly compared
with an identically prepared chopped carbon fiber (CCF), ABS composite. Further
discussion of the single cantilever DMA results from Chapter 4 is also included.
It is hypothesized that the nanoscale dimensions of the MWCNTs enables them to
directly interact with the matrix at the sub-micron scale, where damage such as crazing
begins, which leads to a critical crack (flaw) that ultimately causes failure. Crazes form
when the molecules of the polymer realign in the direction of the applied stress [115].
This not only creates fibrils of aligned polymer but it also generates regions of microcracking. Typically, the dimensions of the fibrils and micro-cracks are larger than
MWCNTs but much smaller than carbon fibers; therefore, the MWCNTs are more likely
to interact with craze formation and growth. Since crazing often precedes fatigue crack
growth, MWCNTs should exhibit a greater effect on fatigue performance than would
CCF.
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5.2. Materials and methods.
5.2.1. Specimen production.
High purity (>95%) MWCNTs were produced by the UK CAER using the CVD process
described in Chapter 3. High strength polyacrylonitrile (PAN)-based carbon fiber
produced in a 12K tow (average fiber diameter = 5m) by Graphil Inc. was mechanically
chopped in a water slurry (using a household blender) to an average length of
approximately 300m. This gave the fiber an aspect ratio of roughly 60. Subsequently,
the CCF was treated with acetone to remove any cizing that may have been added in the
manufacturing process of the fiber. The resulting fiber is shown in Figure 5.1.

Figure 5.1. Chopped carbon fiber.
Scanning electron micrograph showing a distribution of the chopped
carbon fibers. Measurements of the fibers resulted in an average fiber
length of ~300m and aspect ratio of ~60.
Small amounts (0.1 – 5% by volume) of MWCNTs and CCF were dispersed in molten
ABS using the high temperature compounding protocol also detailed in Chapter 3. After
mixing and pelletizing, the material was hot-pressed into free-standing films of 150mm 
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100mm  2mm (length  width  thickness) using the technique outlined in Chapter 3.
Recall, 5,000lbf (18,300N) was exerted on the materials in a heated press (200°C) for 3
minutes. Rectangular specimens (80mm  10mm  2mm (length  width  thickness))
suitable for constant amplitude-of-deflection fatigue testing were machined using a
0.125inch solid carbide end mill. Cutting conditions were as follows; 400rpm cutting
speed and 2inch/min feed rate. The specimens were annealed at 100°C following
machining for approximately 20 hours. The annealing relaxed residual stresses that
developed during the machining process of specimen preparation. The specimens were
conditioned in air (25°C) for an additional 20 hours prior to testing.
5.2.2. Fatigue testing.
Each sample (N = 12) was tested to failure, or to a run out value of 5 million cycles,
under constant amplitude-of-deflection conditions. The specimens of each sample were
tested simultaneously on a custom-built fatigue tester (Figure 5.2) [6]. The apparatus is
comprised of four rows of concentrically machined polytetrafluoroethylene (PTFE) cams.
With rotation of the cams, specimens can be cyclically deformed at a variety of constant
amplitudes. In this case the deformation was fixed at amplitudes of 0.44 and 0.50inch
(11.1 and 12.7mm). When translated into terms of stress, these amplitudes correspond to
34 and 39MPa for the virgin material during the initial period of deformation. As the test
progresses, the thermoplastic materials are known to cyclically soften by realigning their
molecular chains to reduce stress during long intervals of deformation [115]. For this
reason test frequencies were limited to 5Hz as higher frequencies can promote heat buildup and temperature-induced sample softening [64].
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Figure 5.2. Fatigue testing instrument [6].
This custom built apparatus was used throughout the study. Each row of
specimen holders has the ability to deform and fracture while recording
the number of cycles needed to do so.
Each holder is equipped with a 6-digit readout to record the number of cycles the
specimen has endured. As a specimen fails and detaches from the holder, a detector is
tripped that subsequently halts the cycle counting for that particular holder. When all of
the 12-specimen sample have failed or reached the predetermined run out value the
numbers of cycles can be recorded.
5.2.3. 2-parameter Weibull analysis.
The numbers of cycles to failure ( N f ) were analyzed using the linear version of the 2parameter Weibull model (Equation (5.2)). This model consists of several statistical
considerations, described in detail below [4]. Weibull analyses are generally preferred in
the case of life data analysis, as fatigue failure is not normally distributed [116].
Accordingly, the technique used to interpret the results is also non-normal.
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To begin the analysis, the probability of failure is first calculated by ranking each
specimen in number of cycles to failure in ascending order (R = 1, 2,…N), and
implementing Equation (5.1).

P(N f ) =

R  0.3
N + 0.4

(5.1)

Subsequently, the left side of Equation (5.2) is plotted versus the ln(Nf), and a linear fit is
used to extract the two Weibull parameters  and  . The shape parameter (  ), also
known as the Weibull modulus, is indicative of sample variance and is equivalent to the
slope of the best-fit line in Figure 5.3. The shape parameter also indicates failure rate
with respect to time. The second parameter, the location parameter or characteristic life
(  ), characterizes the scatter in the distribution, is also equal to the number of cycles
below which 63.2% of the specimens fail, and is determined by Equation (5.3) [10].
 

1


=  ln( N f )   ln( )
ln ln
 1 P ( N f ) 

(5.2)

 C 
 = exp
 

(5.3)

where C is the y-intercept of the best-fit line in Figure 5.3.
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Figure 5.3. Weibull parameters.
This plot demonstrates the technique used to determine the two Weibull
paprameters,  and  .
To simplify the comparisons between each material, the two Weibull parameters were
used to calculate the Weibull mean fatigue life ( NWM ) using Equation (5.4), which is a
single number indicator of fatigue performance, which accounts for all of the above
statistical considerations [4].
 1
NWM = ( )1+
 

(5.4)

where  is the Gamma function reported in [117]. By manipulating the generated
Weibull statistics, probability of survival curves corresponding to each concentration
were constructed using Equation (5.5). These curves are useful in the analysis of the data.
Changes in horizontal positioning and breadth give insight to the level of reinforcement
and rate of failure during the fatigue test.
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P ( N s ) = exp  f
  

a





(5.5)

where P ( N s ) and N f are the probability of survival and number of cycles to failure.
Finally, the fractured surfaces of randomly selected failed specimens were investigated
with scanning electron microscopy (Hitachi S-2700 and S-4800) to investigate the effect
of dispersed MWNTs and CCF on fatigue fracture.
5.3. Results and discussion.
5.3.1. Fatigue testing results.
Weibull analyses from the fatigue experiments are located in Tables 5.1 – 5.4. Generally,
results showed the initial inclusion of MWCNTs to reduce NWM . With further addition,
MWCNTs were observed to increase NWM , though never reaching the initial fatigue life
of the virgin material. Testing of the CCF reinforced materials showed a different
predominant trend. Here, a gradual deterioration in fatigue life is observed over the entire
range of CCF volume fractions.
More specifically, results from the lower amplitude-of-deflection (11.1mm) showed that
the addition of just 0.1vol% MWCNTs reduced NWM by 81%. Ensuing volume fractions
(0.5 – 5vol%) resulted in increasing Weibull means, -78, -69, and -64% when compared
to the virgin material. It is also worth mentioning that the virgin material had the highest
sample variation (  = 0.605) in this group, while variations in the 0.1 and 0.5vol%
loadings were lowest at  = 1.575 and  = 1.282. Location parameter results follow the
progression of the Wiebull mean fatigue life, i.e. the initial drop in NWM followed by a
steady increase.
The CCF testing at 11.1mm amplitude-of-deflection, as previously outlined, produced
steadily diminishing Weibull means. With the introduction of 0.1vol% CCF, NWM fell -
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55%. Subsequent additions of 0.5 – 5vol% further reduced NWM -77, -85, and -89%
compared to the virgin material. Again though, the virgin polymer had the highest 12sample variation (  = 0.605).
Higher amplitude-of-deflection testing (12.7mm) produced reasonably comparable trends
in the data. MWCNT data showed nearly flat line behavior. Initially reduced by -6% in
the 0.1vol% loading, NWM continued to fall -13 and -15% in 0.5 and 1vol% materials but
rebounded back to -6% in the highest concentration. CCF reinforced ABS again showed
steady curtailing of NWM to -48% in the highest loading.
Table 5.1. Weibull test parameters vs. MWCNT loading, 11.1mm deflection.
MWCNT
Concentration
0vol%

Shape
Parameter (  )
0.605

Location
Parameter (  )
1,073,415

Weibull Mean ( NWM )
1,596,454

0.1vol%

1.575

331,485

297,657

0.5vol%

1.282

373,231

345,700

1vol%

0.812

444,215

498,092

5vol%

0.825

518,085

574,816

Table 5.2. Weibull test parameters vs. CCF loading, 11.1mm deflection.
CCF
Concentration
0vol%

Shape
Parameter (  )
0.605

Location
Parameter (  )
1,073,415

Weibull Mean ( NWM )
1,596,454

0.1vol%

0.982

713,257

718,883

0.5vol%

1.496

405,749

366,414

1vol%

1.377

259,288

236,288

5vol%

1.398

201,487

183,685
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Table 5.3. Weibull test parameters vs. MWCNT loading, 12.7mm deflection.
MWCNT
Concentration
0vol%

Shape
Parameter (  )
3.746

Location
Parameter (  )
30,646

Weibull Mean ( NWM )
27,675

0.1vol%

3.776

28,774

25,996

0.5vol%

4.980

26,396

24,118

1vol%

3.919

26,040

23,575

5vol%

3.283

29,045

26,047

Table 5.4. Weibull test parameters vs. CCF loading, 12.7mm deflection.
CCF
Concentration
0vol%

Shape
Parameter (  )
3.746

Location
Parameter (  )
30,646

Weibull Mean ( NWM )
27,675

0.1vol%

2.334

25,549

31,500

0.5vol%

3.304

29,089

26,095

1vol%

5.564

20,014

18,490

5vol%

4.498

15,703

14,330

5.3.2. Probability of survival curves.
Using the Weibull parameters shown in Tables 5.1 – 5.4 , full probability of survival ( Ps )
curves were generated using Equation (5.5). These curves can be analyzed to determine
the reinforcement effect relative to the virgin ABS and other loadings as the number of
cycles increase. As previously mentioned, the Weibull modulus (  ) contributes to the
shape of the curve and the location parameter (  ) is responsible for the horizontal
positioning or relative shifting of the curve. The reliability curves are shown in Figures
5.4 – 5.7.
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Figure 5.4. Probability-of-survival.
MWCNT probability of survival ( Ps ) curves corresponding to the 11.1mm
amplitude-of-deflection.

Figure 5.5. Probability-of-survival.
CCF probability of survival ( Ps ) curves corresponding to the 11.1mm
amplitude-of-deflection.
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Figure 5.6. Probability-of-survival.
MWCNT probability of survival ( Ps ) curves corresponding to the 12.7mm
amplitude-of-deflection.

Figure 5.7. Probability-of-survival.
CCF probability of survival ( Ps ) curves corresponding to the 12.7mm
amplitude-of-deflection.
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Figures 5.4 and 5.5 illustrate the 11.1mm amplitude-of-deflection probability-of-survival
data. Most interesting is the narrowing of the breadth of the reinforced materials. This
appears to cause the reinforced materials to posses higher probabilities-of-survival than
the virgin matrix up to approximately 33,000 cycles. Lower MWCNT and CCF loadings,
namely 0.1 and 0.5vol%, are shown to hold higher probabilities-of-survival than the
virgin matrix up to cycles of approximately 300,000. Above 300,000 cycles, the virgin
material displays the highest Ps .
12.7 amplitude-of-deflection data in Figures 5.6 and 5.7 do not show the same curvenarrowing trends shown in Figures 5.4 and 5.5. Rather, the curves tend to simply shift to
the left (more so in the CCF curves) in the indicating a total reduction in survival
probability over the absolute lifespan of the materials.
Further inspection of the Ps plots illustrates the significance of the Weibull parameters
and how they affect the resulting curves. The shape parameter (  ) is chiefly responsible
for the breadth narrowing observed in Figures 5.4 and 5.5. Recall that the virgin material,
at this testing amplitude, had the lowest  value (0.605). It has been shown that
quantities of  < 1 suggest a decrease in failure rate over time [116]. This phenomenon is
commonly designated as “infant mortality” behavior in which a defect-ridden material
will fail early and often. Subsequently, the failure rate wanes as the defected specimens
fall from the remaining population. Opposite this concept is a material displaying an
increasing failure rate over time and simply reflects the material wearing out over a long
period of time  > 1 [116]. In the case of  = 1, also equivalent to the exponential
distribution, a constant rate of failure is said to exist [116].
5.3.3. Discussion.
The overall trend of decreasing fatigue performance though enlightening, is unfortunate.
The convoluted sequence of events that ultimately lead to failure is beleived to begin at
the fiber/nanotube/matrix interface [64]. In the case of the CCF reinforced materials, it is
thought that a fatigue crack initiates somewhere along the interface of the fiber and
matrix and propagates along the fiber. This leads to fiber debonding and pullout from the
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surrounding matrix until ultimately, a critical fatigue crack advances through the bulk
matrix leading to fracture of the specimen. This theory is graphically illustrated in Figure
5.8.

Figure 5.8. CCF – ABS fracture surface.
This SEM micrograph of a 5vol% CCF specimen indicates fiber/matrix
debonding (white arrows) and fiber pullout (black arrows).
This theory may explain the trend of higher volume fractions leading to lower fatigue
lives observed in these materials. If the fiber/matrix interface is an area of lower integrity
then the addition of more and more fiber will only increase the number of potential crack
initiation sites. This conjecture is supported by a study of short and long glass filled
nylon. In this study it was found 0.125inch glass fiber gave improved fatigue resistance
and higher endurance ratios compared to 0.5inch fiber [118]. It was proposed that the
longer fiber provided better routes for fatigue-induced crack growth in the material [118].
The MWCNT reinforced materials however, do not fit this hypothesis. Their tendency to
initially decrease fatigue performance and in due course, augment fatigue behavior is
indeed curious. The data clearly show a reduction in fatigue performance with the
addition of MWCNT reinforcement.
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The micrograph in Figure 5.9 shows a 1vol% MWCNT fracture surface from the 11.1mm
amplitude-of-deflection testing. This micrograph reveals a surface littered with voids
corresponding to the dimensions of the BR particles examined in earlier chapters.
Surrounding these voids are areas of drawn formations with fibril structures protruding
upward from the surface. These formations are believed to be areas of localized plasticity
indicating that shear induced yielding may be a potential cause of fracture. Other reports
on rubber modified thermoplastics have concluded similar findings, in which yielding has
played a significant role in fatigue failure [64, 119]. In spite of this, it may be
advantageous for interpretation purposes to not consider the addition of MWCNTs to
undermine fatigue integrity. Rather, regard the initial MWCNT reinforcement to have led
to an increase in fatigue crack propagation. Subsequently, further MWCNT addition
better reinforced the zones subjected to sizeable yielding.
Single cantilever DMA results, described in Chapter 4, substantiate both of the previously
discussed failure mechanisms. Identical to the tensile loaded DMA specimens,
broadening of the single cantilever E  curves by the MWCNT specimens was observed
in the high temperature region of the SAN phase. This is indicative of the formation of
interphase. It is proposed that the presence of interphase may facilitate reinforcement of
the suggested zones of yielding. CCF specimens displayed no significant change in E  .
This indicates the lack of significant interfacial interaction. Furthermore, this suggests
that any observable mechanical changes in the material are merely due to the presence of
the fibers and their properties, not fiber/matrix interaction (interphase). Finally, weak
interfacial interaction suggests that the fiber debonding and pullout observed in SEM
should be expected.
Craze formation has also been observed as a contributing factor in fatigue crack
propagation but is more intensely focused at lower load levels [119]. Recall that
suppression of craze formation and reinforcement of fibrils in previously created crazes
were conclusions in previously discussed reports on the improvement of fatigue behavior
with the addition of MWCNTs to polymethylmethacrylate (PMMA) and a methyl
methacrylate/styrene copolymer [2-5]. If indeed yielding is the predominate mechanism
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of failure then the repression of craze development or reinforcement of formerly
produced crazes is trivial. Further testing at lower levels of stress intensity may produce
better results if crazing becomes more predominate in lower stress levels.

Figure 5.9. MWCNT – ABS fracture surface.
This SEM micrograph of a 1vol% MWCNT specimen from the 11.1mm
amplitude-of-deflection shows numerous voids that are believed to be
consistent with voids vacated by BR particles (black arrows). Areas of
localized plasticity appear surrounding these voids (white arrows).
Failure due to stress rising MWCNT agglomerates, observed in SEM (Chapter 3), did not
fit the observed trends in Weibull data. Agglomerate occurrence became more acute as
MWCNT loading was increased. This would suggest that these materials would more
likely follow a trend similar to the CCF composites, in which fatigue properties
deteriorated at higher loadings. Instead, an initial decrease and a subsequent increase in
fatigue properties were observed for the MWCNT materials. No such agglomerates were
observed in the CCF materials.
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5.4. Concluding remarks.
In this chapter fatigue properties of MWCNT and CCF reinforced ABS were measured
and compared using the linear version of the 2-parameter Weibull analysis. The constant
amplitude-of-deflection testing showed no discernible positive effect from the carbon
reinforcements. Failure trends of the reinforcing agents did appear to differ between CCF
and MWCNTs. The CCF composites showed a steady reduction in Weibull mean fatigue
life suggesting that the fiber was providing sites and channels for crack initiation and
subsequent propagation. MWCNT data exhibited a preliminary drop in properties
followed by resurgence in the positive direction. Owing to these considerations, the SEM
evidence and Weibull data suggest that two separate failure mechanisms present
themselves in this study. Nevertheless, these results are significant, and document the
need for further work in this area.

Copyright © Daniel R. Bortz 2009.
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6. MICROWAVE ASSISTED DIELECTRIC PROCESSING OF MWCNT/ABS COMPOSITES.
6.1. Introduction.
6.1.1. Microwaves.
Microwaves (MWs) are described as electromagnetic waves having frequencies between
300MHz and 300GHz and wavelengths from 1mm to 1m and are typically used in food
processing, communication applications such as Bluetooth, radar, and satellite
television, along with some medical applications [120, 121]. The vast majority of
applications though, roughly 90% in the United States, are industrial, found in meat
tempering, bacon cooking, and rubber vulcanization operations [122]. For these
applications, frequencies are typically restricted to 0.915 and 2.45GHz [121]. The Federal
Communications Commission (FCC) has reserved these frequencies and several others
for industrial, scientific, and medical applications [121]. Their positioning in relative
terms on the electromagnetic spectrum is shown in Figure 6.1.

Figure 6.1. Electromagnetic spectrum.
Microwaves ( = 300MHz – 300GHz and  = 1mm – 1m) lie between
radio

frequencies

(RF)

and

infrared

electromagnetic radiation spectrum.
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Material processing industries also employ the use of MWs to assist in the vulcanization
of rubber and in the drying, curing, and casting of materials such as ceramics [123]. A
shift in research focus to the use of MWs to assist in heating during polymer process
operations has recently been observed and the literature now recognizes that the use of
MWs as an alternative to traditional thermal treatments is an emerging technology [5557, 124]. It is proposed that MWCNTs may couple well with MW radiation and provide
an alternative to conventional heating practices.
6.1.2. Microwave assisted polymeric heating.
In broad terms, the addition of a conductive or MW absorbing phase to a material that is
otherwise transparent to microwave energy allows the use of MWs to aid in heating
[123]. A recently filed patent application claims that the addition of MWCNTs
accelerates the curing time for paint when subjected to RF energy [125]. The use of MWs
in this capacity is attractive for several reasons. First, as is with the case of a permanent
dipole moment in water molecules in food processing, dielectric heating occurs
volumetrically. That is, the entire volume of material is heated at a near constant rate.
This enables the material to be heated selectively and more importantly, at a faster rate.
Heating a polymeric material volumetrically also reduces temperature gradients typically
observed in polymer process operations. As a consequence thermally induced stresses are
anticipated to be lower [124]. Additionally, a large reduction in energy requirements can
be expected by volumetrically heating a material. In a thermoforming operation for
example, the polymer sheet is typically convectively heated on the surface by infrared
elements [54]. Thermal energy then penetrates the material by conductive heat transfer.
Several reports indicate that the high heating rates and lower energy requirements of
volumetric heating can slash energy requirements by a factor of 10 to 100 [57, 126].
Further physical benefits include the ability to control heating more precisely, as the MW
emitting magnetron can be easily turned on and off and requires no “warm-up” time, the
ability to synthesize materials that may not be able to be processed in any other way, and
improved product quality from existing materials [121].
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6.1.3. Mechanism of heating.
When a dielectric material is exposed to an alternating or oscillating electromagnetic
field, the material becomes polarized [56, 124]. The literature reports four mechanisms of
polarization: electronic, atomic, dipole, and interfacial polarization [124, 127]. Electronic
polarization, induced by an electric field, causes electrically imbalanced molecules to
displace and align themselves with the direction of the applied field. Atomic polarization
can displace whole atoms relative to one another but requires an un-paired electron not
found in carbon atoms [124]. Dipole polarization, in which an electromagnetic field
causes a permanent dipole moment to rotate, is the mechanism that causes water to heat
upon being irradiated (Figure 6.2) [56, 124]. The water molecule, with an asymmetric
configuration of it’s two hydrogen atoms, causes valence electrons to spend more time in
the vicinity of the oxygen atom [128]. This causes the molecule to permanently hold a
charge imbalance (dipole moment) even though the total charge on the molecule is zero
[128]. MWs cause rotation of the imbalanced molecules. Friction with other rotating
molecules leads to bulk heating of the material.

Figure 6.2. Permanent dipole moment of water.
Charge imbalance causes water molecules to permanently hold a dipole
moment even though the total molecular charge is zero. The dipole allows
MWs to rotate and heat the molecules though friction.
In the case of MWCNT reinforced ABS. Charge can build up in the interfacial area
between the bulk matrix and the MWCNTs due to differences in conductivities and
dielectric constants between the two materials [124, 129]. This causes electrons in the
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graphitic  orbitals of the outer most layer of carbon atoms in the MWCNTs to displace
and align themselves with the direction of the field. The literature refers to this
phenomenon as interfacial polarization and is believed to be the dominant cause of
heating.
Dielectric properties of the material and the frequency of the electromagnetic field will
determine if the polarization remains in-phase with the field or lag at some phase angle
(  ) [56, 124]. In the first case, where polarization is in-phase with the electric field, little
power, and in turn, little heat, is dissipated. If the polarization cannot follow the rapidly
alternating field, a phase shift is observed. This causes energy to be lost through ohmic
losses, converting to thermal energy and dissipated to the surrounding matrix resulting in
bulk material heating [56, 57, 124].
In this chapter, the effects of dielectric heating are examined on MWCNT composite
ABS materials. Essentially, this study involves irradiating the materials in a low power
electric field with electromagnetic waves at 2.45GHz. Efficacy was determined by
measuring the materials change in temperature over the course of a pre-determined time
interval. The specific heat capacity c p of the materials was measured via modulated DSC
in order to calculate the change in enthalpy during the irradiation process. This eliminated
the dependency on the specimen’s mass during the analysis. Knowledge of c p was also
useful in determining if the presence of MWNTs facilitated heating by means other than
dielectric heating, i.e. making the material easier to heat by significantly reducing c p .
6.2. Materials and methods.
6.2.1. Specimen preparation.
MWCNT and composite preparation techniques are identical in nature as those from the
previous chapters and described in detail there. A Carver hydraulic laboratory press, set
to 200°C, was used to produce freestanding films suitable for the dielectric heating
experiments. A load of 5,000lbf (18,300N) was applied for 3 minutes, steel shims were
used to control thickness to 1.8mm, a typical thickness for a thermoforming operation,
and circular specimens of  = 30.2mm were punched from the films.
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6.2.2. Experimental.
MWs were produced by way of a cavity magnetron (Figure 6.3). Briefly, the positively
charged outer anode attracts electrons from the negatively charged cathode in the center
of the magnetron while a magnetic field causes these electrons to spiral as they move
outward. As the electrons sweep outward in circular paths they are caused to resonate by
cylindrical cavities along the outer wall of the anode block. The frequency of the MWs is
controlled by the geometry of these cavities.
The magnetron used in this study (Figure 6.3) produced MWs at 2.45GHz, at a
wavelength of 12.24cm, and approximately 550W power output. To focus the radiation, a
waveguide collects a portion of the electron field and directs it to the load, or intended
target, in this case a composite specimen enclosed in a metal Faraday cage.

Figure 6.3. Magnetron.
The magnetron used in this study, left and a cross-sectional diagram, right.
The specimens were horizontally positioned ~150mm from the load and subjected to MW
radiation for 10, 20, 30, 40, 50, and 60s. An autotransformer was used to hold the input
voltage to the magnetron at a constant 120V. Temperature change from ambient (~23°C)
was recorded with a Westward 1VER3 high performance infrared thermometer. The
accuracy and resolution of the infrared thermometer were ±2°C and 0.1°C, respectively.
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In order to eliminate the mass dependency from the data, the measured c p as a function
of temperature and the specimen’s mass were used to produce a plot of enthalpy change
versus exposure time. Using a best-fit line from the plot and the enthalpy relationship
from Equation (6.1), the time needed to heat a given mass of composite can be predicted.

Q = mC p T

(6.1)

where Q is the energy input to the specimen in Joules ( J ), m is the mass, and c p is the
specific heat capacity in Jg-1K-1.
The modulated DSC measurements were conducted at a modulation temperature of 0.5°C
during a 60s period from 15 – 205°C at 10°C increments.
6.3. Results and discussion.
6.3.1. Modulated DSC results.
Specific heat capacity curves for the ABS composite materials are shown in Figure 6.4.
For comparison, a graphite specimen was also tested and plotted in Figure 6.4. Graphite
was substituted for MWCNTs as it would be difficult to acquire quality data from a
sample of MWCNTs due to difficulties in producing a flat sample and pockets of air
within the congregate of MWCNTs.

90

Figure 6.4. Specific heat capacity.
This plot shows the specific heat capacity in the 15 – 205°C temperature
range. Graphite was substituted for MWCNTs.
The virgin ABS specimen’s c p was found to increase virtually linearly from ~1.0Jg-1K-1
at 15°C to ~1.4Jg-1K-1 at 95°C. A large increase at ~100°C is due to the Tg event.
Subsequent to Tg the curve is again linear for a brief period and then increases in rate up
to ~2.5Jg-1K-1 at 205°C. The graphite specimen was reasonably agreeable with the
reported c p of 0.710Jg-1K-1 [14]. Intuitively, the addition of MWCNTs would then reduce

c p of the ABS matrix. The composite specimen’s c p appeared to increase. This may be
due to the formation of a percolating MWCNT network within the specimen. This
network could quickly absorb the thermal energy and dissipate it to the surroundings. It
has been proposed that this phenomenon could limit heating at high loadings due a
stabilizing effect from the MWCNTs in which high thermal conductivity and stability
could dissipate energy to the atmosphere [56].
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6.3.2. Microwave assisted dielectric processing results.
The microwave heating experiment results are shown in Figure 6.5. The virgin material
proved to be fairly transparent to the radiation. After the maximum exposure time of 60s,
the surface temperature of the 0vol% material was measured to have increased 18.4°C
and was attributed mainly to the heat generated by the magnetron ~150 mm away. The
0.1vol% loading behaved in much the same way. Only an 18.0°C temperature increase
was measured over the full exposure time of 60s. Again, this could be mainly due to the
atmosphere immediately surrounding the specimen being heated by the magnetron. At
0.5vol%, the presence of the MWCNTs was observed to have a notable impact in the
heating of the material. After only 10s, the surface temperature was measured to have
increased 10.3°C. The full 60s exposure led to a temperature change of nearly 40°C.

Figure 6.5. T vs. exposure time.
1 and 5vol% MWCNTs were observed to significantly influence heating
of the material when irradiated. Processing temperatures were attained
after only 20 – 30s of exposure.
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As expected, the 1 and 5vol% concentrations displayed the highest temperature increases.
Following the initial 10s of radiation, the 1vol% composite showed a 55.8°C increase in
surface temperature. Typical processing temperatures (150 – 180°C) for ABS were
attained with only 20 – 30s of MW exposure [54]. The 5vol% MWCNT loading
exhibited comparable heating rates and temperature increases as the 1vol% material but
arcing was observed during the testing. This has been observed elsewhere [56]. The
problem was so severe that testing at 50 and 60s could not be completed due to the
specimens catching fire.
The measured temperature versus time for the 5 materials are shown in Figure 6.6 and
more clearly illustrates the increase in heating rate with the addition of MWCNTs. Linear
best-fit lines relating to the heating rate were drawn through the data and used to
calculate the figures presented in Table 6.1. This data is based on the assumption that the
heating rate is constant although one report indicates that heating rates may accelerate
above some critical temperature [121].
The 4.4°C/s heating rate observed in the 1vol% material is impressive. Adding 5 times
more MWCNTs only increases the heating rate by 18% to 5.2°C/s. This, along with the
arcing and fire problems does not justify such a high loading for this type of application.
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Figure 6.6. Measured temperature vs. exposure time.
This plot illustrates that heating rate is a function of MWCNT loading.
Only a small increase from 1 to 5vol% is observed.
ABS is typically thermoformed between 150 – 180°C [54]. The data listed in Table 6.1
shows that these temperatures were obtained between 28.9 – 35.7s for the 1vol% material
and 24.4 – 30.2s in the 5vol% composite. Comparatively, commonly used infrared
heating elements generally need between 60 and 80s to reach processing temperature for
sheets ranging in thickness from 1.5 – 2.0mm [54]. These results suggest that a 50%
reduction in heating time by using MW instead of infrared energy may be possible.
Table 6.1. Processing conditions.
Processing Temperature, °C Time1vol%, s Time5vol%, s
150
28.9
24.4
160
31.1
26.3
170
33.4
28.3
180
35.7
30.2
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The data from Figure 6.5 along with Equation (6.1) were used to calculate the change in
enthalpy, or the energy input, to each specimen during heating. The preferential
absorption of electromagnetic energy by the MWCNTs leads to larger enthalpy values for
the higher concentration composites. The curves in Figure 6.7 can also be used to predict
required exposure times based on specimen mass, measured c p , and MWCNT loading.
If, for example, a 100g sheet of ABS with a MWCNT concentration of 1vol% is to be
heated to 150°C for a thermoforming operation, according to Equation (6.1), 25kJ of
energy must be input to the specimen. Plugging this number into the y-component of the
equation of the line of best fit from Figure 6.7 and reading the corresponding xcomponent, the required exposure time is obtained. Doing this showed that using the
~550W magnetron from this study would require ~33min to reach the required 150°C.
This is clearly not acceptable but a good example of how this data could be used to
estimate cycle times and energy requirements for an operation. A scale up in magnetron
power output would be needed to evaluate larger specimens such as this. Energy
requirements for this type of system would be based on the power consumption of the
magnetron and the heating time (Table 6.1) for the given operation.
While an argument could be made for the use of this type of heating in thin gauge
applications to improve processing time, it is envisioned to be more applicable in thicker
gauge sheets. In this case, heating specimens volumetrically would be highly practical in
order to avoid less efficient convention/conduction heating. To this regard, it has been
shown that no significant change in penetration or attenuation is apparent for specimens
up 10mm thick [124].
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Figure 6.7. Enthalpy change.
This plot, which closely resembles the temperature vs. exposure time
figure, shows the energy input into each specimen during the heating
process. The enthalpy is a function of specimen mass, temperature change,
and specific heat capacity.
6.4. Concluding remarks.
The addition of MWCNTs substantially improves the dielectric heating behavior of ABS
when subjected to MWs at a frequency of 2.45GHz. The effectiveness of the heating is
dependant on the MWCNT concentration. Analysis of the results showed a loading of
1vol% provided the best performance. The lower loadings were not able to deliver
adequate heating. The 5vol% concentration gave a slightly faster rate of heating than the
1vol% material but also resulted in arcing and eventually, fire. Moving forward, efforts
need to be centered on scaling up the process and ultimately using MWs as the heating
method prior to processing.

Copyright © Daniel R. Bortz 2009.
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7. DISCUSSION AND CONCLUDING REMARKS.
7.1. Introduction.
In this thesis, the results of multiple characterization techniques and investigations into
two potential applications of MWCNT composite ABS were presented and discussed.
The experiments comprising the characterization portion of the project were designed to
support claims and inferences made in the applications area of the work. In the final
chapter, results from previous chapters are associated, conclusions from data analysis are
drawn, and future work is considered.
7.2. Links between characterization and fatigue performance.
Recall, in Chapter 5, the fatigue performance of MWCNT reinforced ABS was measured
and directly compared to a micron sized carbon fiber chopped to an average length of
approximately 300μm. Two constant amplitudes of deflection were used throughout the
fatigue tests (11.1 and 12.7mm). The number of cycles to failure was recorded and
subsequently analyzed with the 2-parameter version of the Weibull model and
corresponding reliability curves. It was shown through the 2-parmeter Weibull model that
neither additive increased the number of cycles to failure or NWM , and in fact decreases
were observed in both deflection amplitudes. Analysis of the reliability data indicated the
probability of survival was continually reduced in the 12.7mm deflection samples. The
same analysis of the 11.1mm reliability data suggested significant increases in probability
of survival at low number of cycles and low concentrations of MWCNTS and CCF
despite the reduction in NWM .
It was proposed in Chapter 5 that the most likely failure mechanism in the CCF
composites was crack initiation at the fiber/matrix interface and subsequent propagation
along the fiber. Ensuing fiber debonding and pullout (supported by SEM, see Figure 5.8)
would ultimately lead to the advance of a critical fatigue crack. This makes sense owing
to the fact that the relationship between CCF concentration and NWM was positive, i.e., as
more CCF was added, the worse the material performed and NWM dropped. This
hypothesis was further manifested by the lack of E  broadening in DMA by the CCF
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specimens, which would have indicated the formation of a strong interfacial region.
Instead, the curves were observed to virtually overlay the virgin material.
The MWCNT reinforced materials displayed dissimilar failure trends. The addition of
MWCNTs initially deceased NWM . Subsequently, further addition of MWCNTs was
accompanied by an increase in NWM . The fracture surfaces showed signs of surface
voids. The size and geometry of the voids corresponded to dimensions of BR particles
observed in SEM. Surrounding the voids are areas of drawn formations with fibril
structures protruding upward from the surface. The formations are believed to be areas of
localized plasticity indicating that shear induced yielding may be a potential cause of
fracture. It is then proposed that the further addition of MWCNTs functions to reinforce
the yield zones causing the fatigue performance to increase. This may be further evident
from the increase in survival probability in lower numbers of cycles.
DMA characterization indicated a better matrix interaction in the MWCNT composites
when compared to CCF reinforced materials. E  broadening in the SAN phase peak
suggested the formation of interphase. It is believed that this has two potential
implications. First, interphase development can give further evidence for the yield zone
reinforcement mechanism described above, and second, it could provide an explanation
for the shift to higher temperatures in the BR phase E  peak. Shielding the BR particles
from stress by reinforcing the observed yield zones surrounding the particles could result
in the BR E  peak shift.
The results of this study, though not entirely encouraging, are not without positive
implications. Further research to investigate lower stress deformation mechanisms for
these materials is suggested. Crazing was shown to be the dominant mechanism initiating
the events that ultimately led to failure in other studies of amorphous thermoplastics.
MWCNT addition proved to slow craze coalescence in these studies. The results of this
study indicate that shear induced yielding may be the prevailing cause of failure.
Reinforcement may be better realized at lower deformation/stress conditions where
crazing may play a larger role in the failure mechanisms.
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7.3. Links between characterization and microwave heating.
In Chapter 6, the use of MWs to aid in heating MWCNT composite ABS was
investigated. The addition of volumetric heating is the key advantage in the use of MWs
over conventional heating techniques. Both the rate and absolute magnitude of heating
were impressive. A 1.8mm thick specimen containing 1vol% MWCNTs was measured to
have increased 55.8°C in just 10s of MW exposure. Typical processing temperatures for
ABS were achieved in approximately 20 – 30s for both 1 and 5vol% materials.
Relatively, the lower loadings did not produce as significant heating. The 0.5vol%
concentration produced a 40°C after an exposure time of 60s.
The inclusion of MWCNTs increased the interfacial polarization of the material. This is
due to differences in conductivity and dielectric properties between the MWCNTs and
bulk matrix. A strong correlation between the AC impedance spectroscopy
characterization and this study is evident. The lower loadings (0.1 – 1vol%) were
observed to exhibit capacitive behavior and, except for the 1vol% loading, did not
produce significant heating when irradiated. The 5vol% loading displayed the highest
specific composite conductivity and was shown to produce fast heating rates and large
temperature increases, although the specimens were observed to catch fire during MW
exposure times greater than 40s.
The most interesting case is the 1vol% MWCNT loading. AC impedance spectroscopy
did not suggest the material to have reached percolation, yet the composite was very
effective in the MW heating experiments. This suggests that a percolation event
indicating MWCNT network formation is not necessary for polarization to induce
significant heating. Recall, in Chapter 4, results from the AC impedance spectroscopy did
not indicate a percolation threshold. It is apparent that such an event lies between 1 and
5vol% since there exists a large increase in metallic behavior from 1 to 5vol%. Further
experimentation is required to more closely approximate the loading level needed to
induce a current percolating network.

99

7.4. Concluding remarks.
MWCNTs have been shown to possess extraordinary multifunctional properties. The
weakest link in the process of MWCNT addition to thermoplastic matrices is the efficient
transfer of properties between the two phases. Melt compounding the two phases is the
most logical method for industrial scale up, but in doing so composite mechanical
properties fall short of predicted values. This thesis is evidence for this claim. Both the
quasi-static tensile tests (Chapter 4) and the time dependant deformation in the fatigue
study (Chapter 5) indicate less than ideal mechanical performance.
Contrary to the mechanical properties, the outcome of the MW heating application
(Chapter 6) produced more favorable results. MW absorbing MWCNT/ABS composites
are easily produced via melt compounding. Results in this thesis, and throughout the
literature, suggest that these composites offer a fast, volumetric, and economically
superior alternative to conventional heating techniques. It is envisioned that this process
be compatible with in-situ polymeric heating preceding a stamping, embossing, or
thermoforming operation.
The extensive application of MWCNT composite thermoplastics is on the horizon.
Wholesale implementation of these composites should accompany resolution of the
complications outlined in this thesis and other works.
7.5. Future work.
The UK CAER continues to work with MWCNT reinforced thermosetting and
thermoplastic systems. Modifying the surface chemistry in an attempt to form a more
significant zone of interaction at the MWCNT/system interface will be the next step. A
number of functionalization techniques are currently being investigated for this purpose.
In regard to this work, fatigue experiments should be conducted at lower stress intensities
where crazing may play a larger role in the mechanism of failure. MWCNT addition may
prove more advantageous in ABS if crazing becomes a more prevalent issue. A further
understanding of the MWCNT/BR interaction may also be evident from lower stress
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intensity experiments. The MW heating experiments should be scaled up with the
ultimate goal of using the technique to heat a bulk specimen prior to processing. This will
1) verify the validity of the approach and 2) provide an example of the energy saving
claims found in the literature.

Copyright © Daniel R. Bortz 2009.
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A. LIST OF ABBREVIATIONS AND NOMENCLATURE.

 : phase angle.
˙ : shear-rate.
˙ a : apparent shear-rate.
˙ w : wall shear-rate.

 : viscosity.

* : complex viscosity.
0 : zero-shear viscosity.
μm: micrometer.

 : density.
 : shear-rate.

 w : wall shear-rate.

 : diameter.
ABS: acrylonitrile-butadiene-stytrene.
AC: alternating current.
AN: acrylonitrile.
ASTM: American Society for Testing and Materials.
BR: butadiene rubber.
CCF: chopped carbon fiber.
cm: centimeter.
CNT: carbon nanotube.

c p : heat capacity.
CVD: chemical vapor deposition.
D: diameter.
DC: direct current.
DMA: dynamic mechanical analysis.
DSC: differential scanning calorimetry.
DTA: differential thermal analysis.
DWCNT: double wall carbon nanotube.
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e : Bagley end correction length.

E : Young’s/elastic modulus.
e: dielectric constant.
E : storage modulus.
E  : loss modulus.
FCC: Federal Communications Commission.
fMWNCT: functionalized multiwall carbon nanotube.
FTIR: Fourier transform infrared.
g: gram.

G : storage modulus.
G: loss modulus.

H : enthalpy.
HDPE: high density polyethylene.
HIPS: high-impact polystyrene.

J : Joules.
L : length.
lbf: pound force.
lc: critical fiber length.
M: torque.
mm: millimeter.
MW: microwave.
MWCNT: multiwall carbon nanotube.
n : power-law exponent.

nm: nanometer.
NWM : Weibull mean fatigue life.

OH : hydroxide.
p : pressure.
PA 6,6: polyamide/nylon 6,6.
PAN: polyacrylonitrile.
PC: polycarbonate.
PMMA: polymethylmethacrylate.
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PS: polystyrene.
PVC: polyvinylchloride.
Q: volumetric flow rate or energy.

R : radius.
rad: radian.
RF: radio frequency.
RM: rule-of-mixtures.
rpm: revolutions per minute.
CNT: carbon nanotube strength.
s: seconds.
S: styrene.
SAN: styrene-acrylonitrile.
SEM: scanning electron microscopy or scanning electron microscope.
SWCNT: singlewall carbon nanotube.
: shear stress.
i: interfacial shear strength.
TEM: transmission electron microscopy or transmission electron microscope.
TGA: thermogravimetric analysis.
UHMW PE: ultra high molecular weight polyethylene.
UK CAER: University of Kentucky Center for Applied Energy Research.
UTS: ultimate tensile strength.
V: volt.
vol%: volume percent.
wt%: weight percent.
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B. CAPILLARY RHEOMETRY.

Figure B.1. 0vol% Bagley plot.

Figure B.2. 0.1vol% Bagley plot.
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Figure B.3. 0.5vol% Bagley plot.

Figure B.4. 1.0vol% Bagley plot.
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Figure B.5. 5.0vol% Bagley plot.

Figure B.6. 0vol% Power-law exponent.
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Figure B.7. 0.1vol% Power-law exponent.

Figure B.8. 0.5vol% Power-law exponent.
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Figure B.9. 1.0vol% Power-law exponent.

Figure B.10. 5.0vol% Power-law exponent.
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C. STRESS-STRAIN CURVES.

Figure C.1. 0vol% stress-strain curves.

Figure C.2. 0.1vol% stress-strain curves.
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Figure C.3. 0.5vol% stress-strain curves.

Figure C.4. 1.0vol% stress-strain curves.

111

Figure C.5. 5.0vol% stress-strain curves.
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